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SURVEY -OF ADHESIVES AND ADHESICKN
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SUMMARY

The developmernt of adhesives for bonding netal, wood,
rubber, and plastic parts on aircraft has been largely empir—
ical. A better understanding of the physical and chemlqal
forces involved in adhesion is needed for further ratiohal
inprovement of bonding materials for use in aircraft construc-

tion. . -

A researcéh proJjsct has been undertaken at the National
Bureau of Standards under the sponsorship of the National
Advisory Committee for Aeronautics to ocbtain information on =
the strengths of bonds between different chemical types of
adhesives and adherends., The present report, which covérs a
survey of the present knowledge on the nature of adnesion, .-
has been prepared as the initial satep in this investigation._'"

The scope of the survev 1s indicated by tha following
outline:

I. Theoretical aspscts of adhesion.

A, Intermolecular and interatomic forces. The four tvnea
of bonds involved in the attractive forces holding,mat-.
ter together are reviewed.

l. Electrostatic or polar bonds. e .
2. Covalent bonds. : o S
a. True covalent bonds.
b. €Coordinate covalent bonds.
3. Metallic bonds.
4. Van der Waals forces.’

B, The nature of cochesgion. The effects of the intermolec-
ular and interatomic forces ag measured by the . physical
behavior of substances held’ together by each t rpe are
discussed. i
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1. Crystalline matter, AR
Covalent crystals.
Ionic crystals. .
Coordinate covalent crystals.
. Crystals containing hydrogen bonds,
. Metalllc crystals.
Ven der Waals forces in crystals.
2. Noncrystalline matter.
a. Metals.
b. Glass.
¢c. Wood.
d. Natural and synthetic high polymers.

HaG-' [ e B o g 1]

C. The nature of adhesion., The chemical and physical
forces through which the various types o¢f adhesgives

are attached to sclid surfaces are surveyed.
l, Theories concerning adhesion,
8, McBain,
b. FPorest Products Laboratory,
2. Ohemical propertlee of surfaces.
3. Mechanism of. . adsorption,
a. Adsorptlion phenomena, general,
b. Adsorption phenomena at glue lines.
nature of adhesion.
a. The Bartell cell.
b. Heat of wetting.
c., Heat of formation,
II. Properties of adhesively bonded siructures.
A, Physical strength of bonds.
1, Mechanical behavior phencnena.
2., BEffect of thickness of glue line on strength.
a. Bxperimental evidence. _
b. Probability of flaws.
c. Surface smoothness.
d. Effect of curing conditions.:' :
3. Problem of thermal expansion differences.
B, Test methods for bond strengthns. .
1. Tengile strength,
2. Shear.
III. Bibliography.
A, Literature references in text of report
B. References to other pertinent ltterature
. Technical publications,
. Patents,. ¥ :
. Alrcraft manufacturers‘ ‘reports.
Adhesive manufacturers' reports,
U.S5. Government reports.
British Government reports,

O\UIDPGII\J}-'

4, Fundanmental approaches to the determination of the



NACA TN No., 989 3
I, THEORETICAL ASPECTS OF ADEESION

A. INTERMOLECULAR AND INTERATOMIC FORCES (REFERENCES 1 AND 2)

All matter ie composed of discrete particles or atoms
which are held together by electrical forces of attraction.
These forces operate between the positively charged atomic
nuclel and the negatively charged orbital electrons. By
studying the physical and chemical properties of compounds
of atoms it has been possible to recognize certain types of
these attractions as differing from others. These differ-
ences, however, are not dlstinct and only ir extreme cases
is 2 bond a manifestation of a pure type. It is much closer
to the truth to think of these bonds as having well defined
properties, bPut to bear in mind that the transition from one
type to another i1s not sharp but may be very gradual. When
a bond is formed 1t does not mean that all the forces be-
tween the electrons and nucleil of the two participating atoms
have bsen neutraligzed, but rather that a force concentration
has been set up in a certaln direction. Resldual energy 1is
always present,

In explaining chemical and physical phenomena it is
convenient to recognize four general ftypes of bonds:

Blectrostatic
Covalent

Metallic
Residual bonding attraction forces, commonly knowr as
Van der Waals forces.

1. Blectrostatic or Polar Bonds

Kossel (reference 3) in 1916 showed that an element
immediately preceding a rare gas in the Periodic Table is
strongly electronegative; whereas one immediately following
it is strongly electropositive. The rare gases,on the other
hand, are remarkadbly inert. He concluded that this behavior -
was due to a tendency on the part of the reactive eslements
to change their configurations in order to conform with those
of the rare gases. Thus, an atom of potassium combines with
one of chlorine by means of an electron transfer which re-
sults in the configuration of argon for each.



4 ' NACA TX¥ Ho. 989 .

“:qutassiqm  f?""':i” ' f Chlorine_" 'Argqn__ii;'f“"

By means of ‘this mutual claim on the shared electron .
the two lons will:rémain closely associated with one another
as-potassium chloride.,’ This agssociation can be lunferfered
with, however, as by solutlion in water, in which cdde.:the
potassium chlorids will dissociate into chlorine .mrs & neéga-
tive .ion and potassium as a positive ion. If therwater is
removed by evaporation, these ions will alineithemselves to
form a crystal lattice. .In .such a2 s6lid the attractive for-.
cog between the oppositely charged ions except those-on the -
surface will be satisfied. However, in an amorphous sclid
gome of ‘the ‘attractive forces will not be satisfied because -
of randomness.of ‘distribution of the ions. .

2. Covalent Bonds

Compounds which are formed of atoms removed by three
places from the rare gases in the periodic tadle show' a ..
greatly lowered tendency to ionize. Thus, ammonia and phos-
phine are only very slightly ionided. Im mady moleculds .i%
ig difficult or impossible to determine which ‘atom 'is posi-
tive and which negative ~ for example, sulfur dloxide and
carbon dloxide and, sti1ll more strikingly, the diatomic
gases such as hydrogen and chlaorine. ' These substances do
not lonize 1in solution.

In 1916, G. N, stis (reﬂerence ) proposed that in
substances of thies type £t 4s possible ‘for two.atoms to
share electrons .in such a way ‘as .to account Tor .thd stadil- .

i1ty of each in attaining the irare ‘gzas onfiguration. S .
Langmuir suggested that thisg tvne nf;linkage be termed ' .
“covalent s e s ot B R el b SR

__"5. . '!._. "7"5 P Lo " L. : ?

a, True covalent -bondg.w Im a diatomic molecuIe.subh'aa.-
chlorine gas, oach abtom rsquires..an selectron to.complete 1ts -
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outer shell. .In each atom the positive attraction of the
nucleus is equally great on each of the two negative charges
of the shared pair. This ‘may be representea as follows

[ —

e XX
’;. ———r :CGCI
: X %

.XOX.
RS

G611 + ¥

Such bonding is the most common form in organic molecules
and accounts for their complexities and maghltudes._ Thus, . -
carbon has an outer shell of four electrons which 1t will
share with as many atoms as will countribute toward a stabdle
structure of eight

. F

1, Monavalent atomsg: Carbon may share an elesctron with
each of four hydrogen atoms to give the stable
gas methanse,

0 _
. . . s x
. C . 4E H.S;H
) H
2..Di#alent aﬁoms. CGarbon may share two electrons witn '

- each of two oxypen etoms ta glve carbon dioxide.

-

¢ ;:x
- 0. 2 ¥0% —=>-  0%0:%0
. Xx XX

3., Irivalent atoms: Carbon may share three electrons
with one nitrogen atom in g covalent bond such
as in hydrogen cyanide.

- X

B + G XN X e HCGX'*N
. X

Carbon also has the ability to form covalent bonds with it-
self an almost infinite number of times. It is well estab-
lished that the structure of crystalline car®én (diamond) is
formed by single covalent bonds which accounts for 1ts very
great stabllltv. ) . i . x. : 'f “

b. Coordinate covalent bondg - Gompounds BXiSu the prop—
erties of whiceh do not fit into any of the preV1ously dis-
cussed categories. In 1892 Werner (reference B) advanced a’
theory to account for them. These substances, formerly
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shelved under the name "molecular compounds,” appear to re-
sult "from the union of two or more saturated molecules.
They are also apparently independent of the groups In the
periodic table to which the atoms involved belong.

Because of i1ts position in the periodic table sulfur
can form only the two normal covalent bonds because this
bringe about the completion of its full complement of eight
electrons. Of these oight, two are shared with other atonms,
as Iin dimethyl sulfide, This compound can, however, be oxi-
dized as follows:

0
x‘xxc ’H‘xc
H, Cxs8.0Y, ——» H_C;S¥CH
3 xx 3 37 % 3
o]
Mha $ewmn Awsroan arama hoavra wmamadwoad & A aYandsrnAane aan fram
- il VWU u.ls.ly,‘sc.l. v uUdld i A= LSO LY OW L W V4LATDUUVUL VD Wil e A\
the sulfur; thus their outer valence shells are complete,
whereas the sulfur already had a saturated shell,

This same mechanism 1gs used to explain another phenom-
enon occurring in organic molecules: namely, the chelates
compounds. The peculiar properties of the hydrate of the
sodium derivative of—-benzoyl acetone indicate that this sub-
setance may be repregented by the following formula in which
the arrow indicates that two electrons are contributed by
each such oxygen atom.

0 Hy -

/ \' 0

a2

\ 7 OHp
C/c_._o

R

2 ]

If this water were present as water pof crystallization, the
compound should have the same chemical nroperties as the an-
hydrous salt. The hydrate, however, dissolves 1n toluene;
whereas the anhydrous salt.is insoluble.

A similar example is given by the behavior of ortho-
substituted phenols such as salicylaldehyde which form chela~
tion compounds readily,
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Further evidence indicates that the phéholic hydrogen
In salicylaldehyde is itself linked to the oxygen-of the
aldehyde group in thls same manner: Lo -

\g»/ : -

This leads t0o a very important case of this type of bonding:
namely, the formation of hydrogen bridgés between molecules.
Many substances containing hydroxyl groups exhibit this phe-
nomenon and even water has been shown to have a trimpric
structure in ice.

The. fact that most molecularly‘'gssoclated substances contain
hydroxyl or related groups leads to the conclusion that this
tyve of bond may play a very important role in cohesive ox -
adhesive phenomena . . : : 3=‘

3. Metallic Bonds

The metels which comprise the greategt number of ele-
ments in the periodic table owe their urigque properties to
a bond 'type which was -not recognized until recently. Lorentz
(reference 8) first -advanced the ‘theory.that -a pure metal.
consists of a crystalline arrangement. of metallio cationg
with free elecbrons moving in the interstices. .In 1927,
Paulil (reference ). postulated that .these eleetrons exist in
a continuous-aset of. -energy lev&ls At_absolute .zero they :
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occupy the most stable levels in pairs with oppositely op-

posed spins so that they would be unavailable for orientation '
in an applied magnetic field. As the temnerature rises,

however, these stable pairs would be broken down as one slec~- .
tron rises to .a higher ehergy level with the result that the . -
paramagnetic susceptibility of the mass would be ralsed un-

til finally a point 1s reached at which paramagnetic suscep-

tlbility 1s independsnt of temperature.

If a simple metal such as the lithium crystal 1s con-
sldered, an arrangsment of elght atome i1s found at the cor-
ners of a cubse., The distances of these atoms from onse
another satisfy the crystallographers' requiremen®% for a
single electronic bond. Other charactsristics indicate the,
existence of double electron bonds as well. The stability
of the structure may be explained on the basis of the theory
of resonance whilch has been applied to many types of struc-
tures in organic chemistry. It is the same concept which
explains the famillar Kekule structure of the bengzene mole-
cule Iin which the double bonds are visualilized

as alternating between the configurations (a) and (c) with
(b) as an intermediate.

Thus, any two atoms in a lithium crystal may bde linked
by two electrons or by one electron at a given instant. The
gsingle electron bonde ‘are also used to account for the hali-
des of boron having structures which could be explained in
no other way. In effect the resonance between single angd _
double electron bonds -is a very speciaslized case of covalent

bonds.

4, Van der Waals Forces

Up to this point the more potent forces of attraction
between atomic nuclei and orbital electrons have been dis- N
cussed. All these interactions may be thought of in terms
of units of energy. These units, however, participate in
maximum and not total exchanges. When & bond i1g formed, the <
pesitive and negative charges of the participating molsculss
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are not completely: neutralized.' There remeiin in many mole-
cules residual energies which are very nearly of stable
bond-forming magnitudes. These forces affect the melting
and boiling points of many substances. RPN R

Matter compgpsed .of both:elsctrons and protons always
exerts attraction. A liguid will wet a solid’ surface to a
degree depsndent upen the magnitudes of the-attractive or
adhegsive forces between the two substances and the cohesive
forces within each, :In the case 6f a drop of mercury on a
glass surface, the cohesive forces within these two materi-
als 1is much greater than the adhesion between them; conse-
quently the-maercury-~droplet almost forms a. sphere, ‘but there
is sufficlent . attfac%ion to distort. this shape. B ff’“

I

o Many sébstancea which will react at hlgher temnefatures
are attracted by Van.der Waals forces at lower onés. “’IV"
will be seen later that these attractive forcdes ‘initiate Ter
actions by virtue of the fact that their magnitudes are po-
tent .over greater distances than those of an electrostatic
nature which are responsible for dond formation. )

“u [ =

. It was in necognition of these facts that ¥an der Waals_
presented his corrected version of the equatidn! of state’ for
gases and maans for calculating the magnitudes of these re-
sidual. attractive forces for all substances. +I% hag’ Been )
found_that thsy are greater for the molecules of « éempcun&s
than fp; polecule; 9f . elements or inert anmé thhs‘%ﬁowing'
that | unegual disﬁxiyution accounts for a greater redidual’ ™
foreé fipid. and consequently the more asymméfrie the'molecule
the greater these valugs :will be. This is5.4 métte¥ o6f- gred}_'
importance in explaining adhesive and cohesive properties.

RT3 SR DL

T B. THE NATURE OF GOHESION - - +<. * ..ia

" The mechanism whereby molecules or atoms in homogeneous
matter are held together is known as cohesion. ' The 'phystical
state as well as the mechsnical properties of the material
depend upon the type and megnitude of its cohesive bonds.
The operatlonal effects of such bonds have been investigated
by Lennard-Jones.and coworkers (reference 8) by considering
the case of an external particle approcaching a crystaliine
surface. In such instances one of several .phtnomena may oc-
cur. Cpe b, LT B .' e

R ’y
R g

Chemical abtraction: —-If tne particleAis n fon; & di- s
rect électrostatic force will be set up between the charges
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on the approaching jon and the ions on the surface of the
crystal. 3 .

Polarigation.

(a) Whether the particle is charged or not, an induced
dipole will be set up in the atom or ion, bv the’
electrie field of the crystal.

. - . i . ". T =
(v) If the particle is charged, it will polarize the
ions in the crystal, st

P

s Attraction through Van der Waalg forces.- Inasmuch as

attrabtion exists evepn between two so-called neutral atoms
(atoms” of a rare gas),: it is assumed that a similar attrac-
tion will be exerted between the crystal ions and the
charkéd of uncharged particle, quite apart from the effect
of  thelr valency charges. .

On the basia of this analvsis, these {ﬂvestigators cal-
culated these effects between neon and a charged particle, ’
respectively, near the 100 plane (planes parg}lel t o, bhe &
face) of & sodium flupride crystal; and between .argon and a
char ged partlcle.'respectively, near a potassium chloride
crystal.  Thete balculations showed that the electrostatic
attractions fall off wvery rapidly as the dlstance from the
surface increases, but are very powerful within a.short op-
timum range. The Van der Waals.attractions, on the other
hand, have a much wider range, but are never as powerful as
the electrostatic attraction. Thses polarizetion forces never
become very great. Thesge relationships are i1llustrated in
figure 1. .

. -

These forces, with different degrees of magnituds;. afe

responsible for the cohesion between ions, atoms, and mole-~ '~

cules of all forms of matter. On the basis of .this evidedce,’

as well as the fundamental precepts of chéemistry and physics,
it 1s possible to ascribe points of strength and weakness %o
these forces in their cohesive. capacity. The pet effects of
these forces determine. the gross mechanlcal properties of ~
all materials o w v T

It must be realized, however, that the %ntninsic-,;_“:
strength which is im&iqate&:for.materials Is farély achieved,
When a test specimen oﬁ crvstalline Pedk §alt 1§ broken in
tension, the’ breaking load is 0.4 kilogram per square milli-
meter; whereas the calculated tensilses strength is 200 kilo-
grams per sguare millimeter. Joffe (reference 9) found,
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ads as ig as 160 kilograms. pér’ square milllmeter could be
obtained. He explained this on the ground that Mprématuret
failure ie due to the presence of submiéroscopic scratches or
fissures on the surface of the specimen, around which extreme-
ly high stresses may be concentrated. By removing these fis-
sures as they were formed - that is, by continually dissolving
away the surface - he was able to break the bonds along a
plane of the crystal and thus approach the theoretical ~strength.

ok
o O
> 2
b“c‘l-

The presence of these minuteée cracks has been proved (ref-
erence 10) by sputtering metallic films on crystalline sur-
faces which results in fine lines of the metal. The reason
for these cracks probably lies .in the fact that idsal packing
in erystals does not exist due to grsater - electrostaﬁic forces
within the substance than near the surfacse,’ thus "strains are
set up which cause the surface atoms to rearrange with rela-
tive ease under an applied load. .

A brief consideration of several types of materials will
serve to illustrate the behavior of the different cohesive
forces.

1. Crystalline Metter )
The criterion of Crystallinitr is the regularity. of the .
arrangement of the atoms in a solid structure. Any atom in
a crystal 1s separated from its neighbors by the same dis-
tances and at the same angles as any other atom of the same
kind. .

When a true crystal is subjected to a tensile stress 1%
will rupture along the line of least resistancd. The struc-
ture of erystals has been well established by X-ray and chem-
ical studies. Hence, 1t is possible to identify the forceS‘j
which were overcome along the cleavage plane. e

a. Covalent crystaleg.- In the crystals of nonmetallic
elements, single atoms share electrons with each other in
pairs. Since neither atom exerts a greater influence on the
bond than the other, & state of relative inertia exists. Two
factors determine the effect of these bonds in providing co-
hesive stability, the bond ‘distances, and the bond angles.
The first of thesse factors determines the range over which
the attractive force acts and how much it is interfered with
by electrons closer to the nucleus of each atom. The second
determines the configuration of the crystal.
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It has been shown.'that carbon 1s capadble of forming
single, double, and even triple covalent: bonds. That bond
angle influences the structure 1is shown.bv the properties of
diamond and graphite; whereas the effect of bond distance is
1llustrated by comparing dlamond and crystalline sllicon.

Diamond is the hardest and most Inert of all crystals.
It consists of carbon atoms joined %o one another by primary
rcovalent .bonds; thus at ;the end of each carbon tetrahedron
there 1s another carbon atom. There 1s relatively little
strain In such a crystal and the distances between each atom
and 'the next are relatively small, -In the case of graphite,
on the other hand, each carbon atom is attached to three of
its neighbors instead of four, twoe through single,bonds and
one through a deuble bond. The angle of the double bond 1is
quite different from that of the gsingle. The result of this
arrangement 1s the formation of layers of two dimenselonal
plates which are rather loosely held by Van der Waals forces
in the crystal. That these Van der Waalg forces are strong
enough to give gsome stability to the structure is to be ex-
pected from the fact that the energy of the dolble bond is
less than twice that of a single bond,.

In erystalline gllicon in which the atoms have the same
arrangement as in the diamond crvstal, the bond distances
are greater and the bond energies are consequently less; thus
8 weaksr struc+ure results,

C: ' . Si
|- ' I
¢ f>e f \51
" (Diamond) : (Slllcon)
Bond distance = 1.54 ﬁ : Bond distance = 2,34 K
Bond energy = 58.6 k.cal./mol. Bond energy = 42 5 k.cal. /mol
e ~
=0, _ 20Ty P
~ S~ ~
= C . 6—=C ~
Ne=c7 ~Sc=¢
- ~Na—c” ~
—=C _C= ~ e
60 ¢ 380
P S IR
. .- ~ K "/.'. R
S {Graphite) -

(single bond) ° (double bond)

0
Bond distance = 1.54 & and 1.34 A
Bond energy = 58.6 and 100 k.cal./mol,
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b. Ionic erystals.- Owing to the nature of ionic bond
formation by the capture of an electron from an electroposi-
tive atom by an electronegative atom, the cohesive strengths
of such crystals are weaker than those formed by covalent
bonding. 4&n ionic molecule splits into two fractions much
more easily under the influence of chenical as well as phys-
ical forces. Thus, the solublilities are high and the
strength properties low as compared to covalent substances.
The same rules of bond distance and angles .govern these
strengths.

c. Coordinate covalent grystals.- The coordinate cova-
lent bond has some of the properties of both ionic and co-
valent bonds. It has been called, in fact, the semipolar
bond. The large groups of pure compound minerals are GOm-
posed of complex crystals in wihich one molecular type 1s
connected to another by the interlocking of their individual
crystal lattices. Pauling (reference 1) hag set forth sev-

SLO

eral rules which apply to the tyres which are more lonic than
covalent in character. These rules are based upon the con-

cevt that anlons are ccordinatsed at the cormers of tetrahedral or
polyhedral force distributions about each cation and that ™
thegse polyhedra are joined at a corner, an edge, or a face.

On this basis the formation and properties of such structures
may be predicted as follows: ' -

1. A coordinated polyhedron of anions is formed aboust
each cation, the cation-anion distance heing determined by
the radiue sum and the coordination number of the cation by
the radius ratio.

2., In a stable ionic structure, the valence of each .
anion is exactly or nearly equal to the sum of the strengths

of the electrostatic bonds to it from the adjacent cations.

3. The presence of shared edges, and especially of
shared faces, in a coordinatsd structure, decreases its sfa-
bility. This effect is pronounced for cations witin large
valence and small coordination number,

. 4. In a crystal containing different cations, those
with large valence and small coordiration number tend not to
share polyhedron elements with one another.

Theee rules are so applicable to predominately ionic co-
ordinate bonds that variance from them is a test of predom-
inant covalency. All She forms of silica obey them, which
proves the partlally ionic nature of the Si O bond; whereas
with sulfur, the SiS, tetrahedra share edges with one another
to give infinite chains. | N
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thus proving the S1-S bond to be essentially covalent,

4. Crystals contajning hvdrogen bounds.- The phenomenon
of the hvdrogen bond is responsible for the unusual proper-
ties of water. 3By analogy with other relatsed compounds such
as H_Te, E,Se, and H S, on the basis of decrsasing molecular

weights and Van der Waals forces, the melting and boiling
points of water would be expected to be about ~1009 and
~80° C, respectively.

A good example of C-O~~~H bondine in crystals is given
by the two crystalline forms of oxalic acid. The alpha form
of this substance ccnsistes of plates and the beta form of
long chains. : -

!
0 0
N,

H—0 0 -E-~-0 0---
/

- .-m —-o

alpha

[ 4
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The plates and chains ‘are: int@rconnected through very weagm__
Van der Waals forces. - - ' . : - T

e, Metal crvstals."The relationship between physlcal
properties and bond distances and ‘angles is the same in mebval
as in other crystals. If the atomic radii of the metalllc
elements are plotted against atomic -number, it will be .seen
that a minimum occurs in each case! between the sixth and
tenth elements of each sequence. In this range, the greatest
bond strength occurs and consequently the strongest me%alIi__
substances,

Ags the number of valenée elsctrons per atom increases
.from 1 t0 6, there is a corresponding increase in electron
peirs effective in bonding the atoms together 1in the metal.
Between the sixth and the tenth elements the number of elec-
trons remaine constant at about 6, but becomes smaller be-
vond the tenth. These relationships offer an explanation
for the fact that properties dependent on cohesive forces,
such a8 yield point and ultimate tenslile strength and hard-
ness reach maximimums between the sixth and tenth element in
sach sequence in the Periopdiec Table.

£f. Van der Waals forcegs.- In crystalline substances the
equilibrium of energies in the crystal lattice to give layers
and threads (e. 2., in graphite and asbestos, respectively)
precludes the existence of very great bonding forces between
these more or less saturated .systems. That these forces do
vary, however, i1s evidenced by . the much greater interplanar
cohesion for graphite ,than for oxalic acid or mica. These
forces, thereforé, depend on the erystalline configuration
as well as the nature of the individual atoms involved.

2. Noncrystalline Matter

Most materials used for construction are not pure crys—
talline substances, but 4o have varying degrees of crystal-
linity. The coheslve behavior of amerphous substances may be
explained on the basis of the more definite knowledge of )
crystal structure, inasmuch as the same forces hold them %o~
gether.

a. Metals.~ Most metals consist of isolated rezions of
ecrystallinlty surrounded by an amorphous medium. Alloys ex-
hibit.the properties.of the component parts except where true
intermetallic compounds are formed. In the disordered amor- '
phous regions of metals, the cohesion is due to Van der Waals
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forces of high magrnitude.»~Thisg+1s merely: another way of
stating that the attractive force does not reach the magni-
tude of a valence bond., When metals are cold drawn, however,
there 1s a much greater tendency-toward crystalline lattice
formation with an accompanying-increase in cohesive strength,.

b, Glass.~ Silicate: gladses are the most common and
have been shown by Warren (reference 12) to consist of a
random network of silicdon and oxygen atoms with each silicon
atom tetrahedrally bonded to four oxygen atoms (fig. 2). All
the oxygen atoms, however, are not bonded to silicon atoms;
thus interstices of varying slzes exist throughout the struc-
ture. When the.composition of the glass is modified by al-
kali or alkaline earth metalsg, these interstices become more
numerous and sach metal ion is surrounded by oxygen atoms
with unsatisfied charges and is consequently linked to these
through coordinate covalent attractive forces.

Glass structures, in genersl, .are composed'of oxides
such as S1i0,, B,05, Py0g5, Al;04, and so forth, which are
known as network formers and oxides of alksali or alkaline
earth metals such as Nag0O and ©CaO, which are known as net-

work modifiers.

c. Wood.~ The structure of wood is, as 1is true of most
complex natural materials, very imperfectly known. PEredom-
inantly, 1t consists of long fibers of cellulose Joined to-
gether by means ¢f lignin, The structure of cellulosse 1is
that of a chain composed of glucoside unite linked to one
another through C~0-0 bonds. Neighboring chainsg are intra-
molecularly held together by means of hydrogen bonds.

CH,O0H OH OH
2 P
00— ¢

~—~-of::-d// H\\c-——-d-—¥—:'//H—_hg\Scfi:?;————
RN - VAN /\o_g/

~ t x |
iﬂ OF | gHéOH

Lignin is not a single substance; its chemical nature varlqs.
from species to specles.
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The bond between cellulose and lignin is in itself a
problem of adhesion. Although the greatest strength of wood
lies in 'the direction of the cellulose fiber, many of the
propertlies of a given wood depend on the nature and amount
of its lignin component,

d, Naturel and sypthetic high vmolymers.- High polymeric

materials include all substances which may be considered as
consisting of large multiples of monomeric units, formed
elther by polymerization or condensation, OCellulose, rubber,
and vinyl resins are examples of polymeric ,materisls, There
are two types of hlgh polymeric compounds:

Thermoplastic - two-dimensional molecules
Thermosetting -~ three-dimensional molecules

These two cldsses of materiasls have arrangéments sonewhat
analogous to those of asbestos and diamond, respectively.

1, Thermoplastic polymers (reference 13),- If the attrac-

tive forces between chains are strong and the fine
structure permits of sasy lattice formation, a
high degree of erystallinity and hence cohesion
will result., Such materials fall in the flbrous
area of figure 3, In fibers such as cellulose

the individual chaine are probably held together

by means of hydrogen bonds through the OH groups.
Other fibers of high strength, such as nylon, are
probably Jjolned by similar forces.

The forces between molecules of polystyrene, poly-
methyl methacrylate, and related materials are
not as great as those betwesn cellulose and nylon
molecules, Thaese materials fall in the plastic

. drea of figure 3, There are no very reactive
centers, such as hydroxyl or amido groups for
forming hydrogen bridges between chains. The
most likely assumption to explain their strength
In films, filaments, and so forth, is that they ~
are held together by Van der Waals forces which
are strong because of the great asymmetry of the
honomer molecules, Ths vinyl polymers are not as
asymmetric as polystyrene or methyl methacrylate
and they tend toward rubbery characteristics,

BRublery materials owe .thelr properties to verv much
weaker Van der Waals forces between the molecular
chains, A tensile load applied to a rubber causes
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an actual change in the configurations of the
chains, the coiled equilibrium state is changed
to the stressed chaln state. These materials are
located in the rubbery area of figure 3.

2, Thermosetting polymers.- Cured thermosebtting reslin-
s ‘oue materials, such as phenol-formaldehyde and
urea-formaldehyde condensates, are composed of a
three~dimensional crose-linked network analagous
P to the diamond structure. T

In order for such a structure to be formed, it is
necessary that at least one of the reactants in
the polymerization mixture have three or more ac-
tive centers at which bond formation can ccecur,
In phenol-formaldehyde resin, for exanmple, the
benzene ring is capadle of forming bonds at the

2 para and two ortho positions with respect to the
hydroxyl group. The cohesive forces in such a
material &4re very strong aovalent bonds, &nd con-

e sequently, the gross physical properties ara
' those of great strength and stadility.

. 0. THE NATURE OTF -ADHSSION

¥

l. Theories Concerning Adhesion

The investigation into the nature of adhesion has as
its objective the establishment of the most desirable phys-
ical.-and chemical properties for an adhesive Dbetweon two
given esurfaces so that maximum structural strength can be
obtained. In the past two decades considerable interest has
been aroused in this subJect. Probably the greatest effort
in this directlon was that undertaken -in Great Britain, the
resulte of which are described in the three reports of the
Adhesives Research Committee under the aunspices of the
Department- of Scilentific and Industrial Research. The greater
part.of thie investigation was conductsd by.J. W, McBaln and
coworkers (reference 14). At the same time, work was being
done in this country at the U, S, Forest Products Laboratory
by F..L. Browne and T. R, Truax, DBoth organizations were in-
terested in. the mechanism whereby two surf&ces ‘of an adhesive-
ly fqrmed,jqing‘qrg held by the adhesiva““'

McBain as a result of his investigatibﬁa arrived at the
conclusion that two types of .bonded Joints may be formed:

t
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Mechanical -_béfw;en ﬁoféu# égrfé&és
Specific - between smooth, dense surfaces

Browne and Truax (see references 15 and 16), however, main-

tained that although somé of the strength of the bond betweeq ~

two porous surfaces must be attributed to tendrils of adfie-
sive which enter the pores, this mechaniecal interpenetration_
cannot account for more than a small frdction of the joint
strength. .
IURER A

a, McBain'g experimental work.- McBain drew his conclu-
sions from the following experiments: "

r - i

l. McBain prepared Joints bstween surfacés of silver to_
silver and silver to wood. He varied the character of the "
silver surface by welding silver gauze at several points in
s1ngle and double layers to the smooth surface and obtained
qualitative results for the streggth of bonds prepared with
a proprietary gelatin glue: ’

:Jéiﬁtl- Strength Remarks
1. Agiglue:dig 0 Glue film moist. i
2. (Ag)g:glue:(Ag)g_, 0] Glue film moist.
3. Agiglue:wood : o] Glue film only on wood when

Joint was broken.

4. (Ag) :1glue:wood Weak Stronger than 3; glue film
& partly on silver gauze and

. partly on wood.

5. (Ag) t:glueiwood .IMo&erate Strongser then 3 or 4; gluse
€€ film partly on silver gauze

and partly on woo& .

1(Ag)g = Silver to which was welded one layer of'gauze;*

Similar results were obtained using gum arabic and molten
shellac, respectively, a8 adh331ves._

' : . :
- e v . . e ~ .

¢
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2. Surfaces of hard and soft woods were treated with
three successive coatings of ebony stain before bonding and
the Jjoint strengths were compared with those of unstalned
surfaces by breaking manually. In the case of soft woods
the Joints prepared with either the stalned or the unstained
surfeces could not be broken by hand, but in the case of the
hardwoods, the stalned joints broke., MeBain concluded that
the staln was able to fill the pores of the hardwoods, but
not of the soft woods, thus preventing mechanical penetra~
tion by the glue of the hardwoods, which consequently gave
weak Jjolnts.

3. If adhesion to porous surfaces is mechanical, the
joint strength must be directly related to the tenslle
strength of the glue. McBain, using the method of Farrow
and: Swan (reference 17), prepared adhesive films by casting
on thinly greased ferrotype plates., Pilme and specimens of
bonded walnut wood prepared with a sodium silicate glue and
an animal glue, with and without the addition of-dextrese,
respectively, had the following strengths:

Strength
(ps
o Glue film Walnut Jjoints
iue in tension Shear Tengion
l, Animal glue 12,000 1500 82B
2. Animal glue mixed with an Less than 600 420
equal part of dextrose 1000
3. Sodium silicate o 600 700 -

4, Specific adhesion reguires wetting of the surface
not only by the solvent, but also by the glue. McBaln at-
tempted to show that gelatin does not wet several porous
surfaces with which 1t forme strong Jointe. (See references
18 and 19.) To do this, he measured the water absorption of
filter peper, viscoss rayon, and fused silica, and then meas-
ured the change in concentration brought about by the addil-
tion of these materials to agueous soclutions of glue. He
found that only with fused silica did the concentration be-
come lowersd, Thig he interpreted as showing that water was
belng removed from the solution by porous substances such as
filter paper and vigcose rayon, but no glue was being ad-
sorbed, '

5, McBaln believed that if gpecific adhesion 1s opera-
tive, the attractive field of the solid surface should impose
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an orienting influence upon the molecules of the very thin
adhesive layer. In euch = case the .glue structure should
differ in a glue Tine from'thav of & solid bloeck of glue.
Studies of ZX-ray patterns from glue fillms on wood revealed

no such difference. o o . . - T

b.Forest Products Laboratory experimental work.- Browns,
Truax, and other workers gave the following interpretation to
these experiments:

1. Some degree of specific aﬂhesion is a necegsary pre-
requisite of mechanical adhesion 'in the case of materials
having such a fine degree.of porosity as wood. Red ocak sur-
faces, selected because of the large pores, were joined with
Lipowitz metal alloy (reference 16) which has & melting point
of 60° C, does not wet wood, and has a viscoslty not unllke
that of woodworking glues: The joint was easily separated
by hand and the fllm was removed intact.

Glue solutions contain consideradle volumes of water or
other solvents. As the Jjolnt dries, the glue contracts
throughout its entire mass. If the interpenetrating tendrils
did not adhsere tenaclously to the cell walls, they would
shrivel and the entire interface betweon wood and adhesive
would disintegrete. Photomicrographs of glued sections
showed that in all cases the glue had remained attached to
the cell walls and in drying had contracted from the center
of each tendril, leaving a hollow cylinder.

2. In the staining of hard and soft woods prior to glu-
ing, the pine probably absorbed the oil stain more readily
than did the mahogany; thus enough of the surface of the pine
~was unaffected to:form a good .joint. If sandpaper wefe used
to clean the stained mahogany surfaces the filled porés would
be unaffected; whereas cells of the wood would be expbsed on
the surface to be bonded. McBain's experiment was repeated
uslng paraffin wax and collodion, respectively, to seal ths
pores and the surfaces were sanded before gluing. Good
joints were obtained although penetratlon was_grea%ly reduced
as svlidenced by photomicrographs. N

- . . . - - -

3. McBain's relationship between the tensile strength
of glue films and the shear and tensile strength values of
glue joints was based on an experiment in which gluing meth-
ods assuming mechaniecal adheslion were used. Thus, the glue
was prepared in a thin sclution, applied hot to heated wood
surfaces and pressed immediately ‘in:- Qr&er to £111. the wood as
much as p0331ble with glue. - : :
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This experiment was repeated on several specles of weood
glued with sodium silicate,. animal glue, and animel glue con-
taining two concentrations of dextrose.. The tensile strength
of walnut joints, and the shear strength of maple Joints
glued with these substances i1s as follows:

Strength
(psi)
Glue ° Glue film 1n Wood Joints
tue tension® | Shear? | Tension®
1, Animal glue 12,000 3950 2400
2., Animal glue~dextrose Less than 3350 "1300
mixed (1:1) 1000 '
3, Animal glue-~dextrose - 3150 -————
mixed (1:1.5) - )
4, Sodium silicate 600 3000 950

BY¥alues determined by McBain

bPMaple block shear
®Walnut Jjoints

In each case the glue was applied in concentrated solutlon to
one surface and allowed to dry untll the glue line retained

a finger print and then assembled. The Jolnts so obtained
were much stronger than those of McBain. Although there is
some loss in Jjoint strength when the glue is weakened, this
loss 1s not so great as indicated by MMcBain and, furthermors,
the greater number of faillures in these Jjoints occurred in
the body of the glue and not at the interface between the
glue and the wood, so that the_féilure was not Onc of - adhe-
slon.

4. McBain's concluslon regarding the lack of adsorption
of gelatin from agueous solution is not necessarily correct.
If water is more attracted to wood than is the gelatin, 1t
wlll be selectively adsorbed 'from solution, thus giving the
appearance of negative adsorption for gelatin, .

Campbell (reference 20), has recently advanced the theory
that glue 1w adsorbded to wood surfaces through a monomolec-
ular layer of water: which is directly attached to groups on
both the wood and glue surfaces. . .
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5. Although the Forest Products Laboratory workers did
not comment on McBain's £1fth experiment, later investigators.
studying the effect of surfaces on lubricant films have found
that attractive forces between e surface and an adsorbed
layer 8o not operate through much more than a monomolecular
layer of the liquid., (See reference 21.) This is in agree-
ment with the findinge of Lennard-Jones (reference 8} who
calculates the electrostatic attraction between surfaces and
charged particles. In such a disorganized macroscopic sys-
tem as an animal glue film 1%t is not likely that orientation
effects present in a monomolecular layer could be dstected
by the method used vy McBain.

2. The Chemical Properties of Surfaces (reference 10)

It has been shown that adhesion to any porous surfacs
1s not primarily & mechanical phenomenon. ZXEvidence is accu-
mulating in every pertinent field that molecular attractive
forces are responsible for the bond between any two surfaces.
A knowledge of the chemical nature of surfaces is necessary |
in order to0 establish the tvpe of bond formatlon which may . .
occur.

The surfaces of solids are entirely different from their
internal structures. The simple treatments of grinding and
polishing differ very greatly in their effects on surface na-’
ture. In metals, especially, X-ray diffraction patterns show
that grinding removes sections of the surface without appre-
ciable distortion of the remaining crystal structure; whereas,
polishing removes the promontories and deposits materials .
from them in the crevasses, leaving a smooth fransparent... ..
amorphous film known as the Beilby layer. This layer has-. ..
more of the characteristics of a liguid than a solid and is
much more reactive. If, for example, a metal vapor is con-
densed upon a polished metal surface, a crystal pattern is
firet obtained, but on standing this changes to that of a
completely amorphous structure. If a nail is hammered into
a crystalline surface, the amorphaus ring around tHe™ hole I
will be more readily attacked by acids than the remainder of:
the surface. Glass surfaces when ;polished are: rendered_@pur_:
bly refracting to a depth of 3000 angstrom units. Sy

So0lid surfaces. are very irregular in their constitution.;
Thus, the, surface of even a monocrystalline metal will con- --
tain d4ifferent faces, edges, corndrs, and pro;ectlons. _For
this reason, all parts of a given surface will not have the )
same catalyzing abilitv and consequently the same degree of'"'
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affinity for adhesive substances., FExperiments show that dif-
ferent faces of the same arystal exsrt very different forms
of attraction upon dyes. Thus, if jead nitrate is immersed
in a solution containing methylene blue and picric acid, some
of the surfaces will be blue and some yellow; nelither- film is
contaminated with traces of the other dye,

The greater .the activity a surface possesses, the more
likely it is to be contaminated with impurities, which are
present in. the air. ,Freshly split mica surfaces will gleze
each other. tenaciouslv, but 1f they are freely exposed to
circulating air currents they lose this activity after a few
minutses. It has been demonstrated that 1f these surfaces are
covered, thev will retain their attraction for each other for
several days. Accldental traces of grease will greatly re-
duce the wetting »nroperties of such surfaces and even slight
contamination will increase the contact angle with a liquld,

The purification of a surface 1s, consequently, of the
greatest importance if. strong tenacious glue lines are to be
obtained. This is by no means a simple operation. It is
possible to clean the surface of glass by heating with a
flame for a short time,provided the contamination is not ex-
cessive, but thils treatment cannot be applied to most other
gurfaces as they would become sintered., Metals may be cleaned
with. benzene or by slight etching with acldg followed by wash-
ing with distilled water and drying with alcohol and ether,

It has been demonstrated experimentally at the Curtiss-Wright
Laboratories that sanding of wood surfaces with the finest
grade of sandpaper immediately before gluing gives a much
better bond than that obtainad with glazed surfaces produced
by planing or with roughly sanded oneg; thus the sanding op-
eratlion is one of cleansing. . :

3. The Mechanism of Adsorption

a, Adgorption phenomena, general.- Determination of the

heats of adsorption and chemical investigation of adsorbed
filme on solid surfaces show that two distinct types of for-
ces are 1lnvolved. When a gas ig attracted to a surface by
means of Van der Waals forces, the heat of-adsorption 1s 4000
calorlies per mole or léss,and the variation of a few degrees
in temperature results in a simple pumping off of part of the
film, If, on the othsr hand, an actual covalent bond 1s
formed, as 1s the ocase with oxygen adsorbed on carbon, the
heat of adsorption will be of the order of 10,000 calories
per mole and may even reach as high a value as 200,000 calo-
ries per mole. In this latter case, the temperaturs required
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to release the adsorbed fitm is sufficlent to pyrolyze the
chemical bond. Very frequently this bond is stronger than
the cohesgive bonds of the adsorbing material and the compound
formed between it and the .gas is released as such; thus,
when oxygen is adsorbed on charcoal, heating results in the
liveration of carbon monoxide and carhon dioxide.

Depending on the temperature, the same gas may be ad-
sorbed by Van der Waals forces or by primary chemical forces.’
Polanyi (reference 22) pointed out that the free valences of
a surface would not attract the impinging molecules of a gas _
until these had surmounted a potential barrier. In other -
words, only those molecules which have a certain energy val-
ue will combine chemically with the sturface. This relation-
ship. is well illustrated by the bshavior of hydroren on - -
nickel at vaerious temperatures between -200° and 100°%:G. at.
different.pressures. Thus, at 600 millimeter pressure the-
curve of VOlume adsorbed plotted ‘against temperature is given
in figure 4. (Sge reference 23.) At -190° to ~180° C ad-
sorption takes place almost instantaneously through Van der
Waals forces, The amount of gas adsorbed decreased to a min-’
imum at about -160° C because of the increase in kinetic: T
energy of the gas molecules. Above --160o C primary bond for-
mation begins to occur. Adsorption reaches a constant value
between -110° and 0° §. Further increass in temperature Te+’
sults in the pyrolysis of the chemical bonds. - v

b, Adsorption phenomena at glue lingg.— It is evi&enﬁ_
that the primary consideration in selecting & suitable adhe-~
sive for a glven surface is an evaluation of the relation-i
ship between active groups on the moleciles of the adhesive 7 ~
and the .surface. A4t the present time, the difficulties in—: .
volved,in measuring the exact area of a solid surface and
the.lack of knowledge with respect to the configurations,
molecular weights, and kinetic behavior of high polymeric
substances make it impossible to define mathematically the . -
total bond energy at a glue line interface. It should be.z°
possidble, however, to construct a theoretical picture of thils
region whlch would lead to a better understanding of the phe—
nomenon’ of gluing.

1 .Metal surfaces

{a) Metals to metals (direct).- The art 0f metal
bonding depends Very greatly on' the uses JF solder’s and welds.
The chemistry of alloy formation furnishes considerable in-
formation on’ the nature of the attractive forcdes involved.

If two metals are verv closely related —-ﬂor example, copper.
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and gold atoms of the one will replace atoms of the other 1n
& crystal., When there are certain definite proportions -
for example, CuAu and CujzAu, the distribution in the crystal
will resemble that of an ionic compound such as NaCl, If :
the metals are dissimilar they may actually form chemical
compounds which have thelr own crystal structure and have
chemical and physical properties which are quits different
from those of the constituent eloments. Thus, the melting
points of sodium and mercury are 97.5° and -38.7° O, respec-
tivelv, whereas the substance HEg,Na nelts at 3600 C.

Although the exact'relationships which hoid in the crys-
talline state are not exactly those obtained in a soldered
or welded joint, the same general laws apply. Thus, the ex-
perlience with solders has been that the strongest and most
permanent bonds are formed between metals having optimum
chemlcal affinity. (See reference 24.) In all cases where
the metal surface remains solid, a good bond with the liquid
golder is best obtained when a‘wettihg agent or flux is em-
ployed to cleanse the interface.

(b) Metals to enamels.- When metals are glazed with
vitreous enamels, 1t has been observed that the ground coat
between the metal and -the glage must contain cobalt or a
similar oxide. The role of the cobalt compound has been the
sub ject of much controversy, but a plausible theory is that
1% serves as a catalyst in forming the bonds between atonms
of the mstal and oxygen atoms which are attached to silicon
in the enamel. The interfacial bond between a vitreous and
a metallic surface, according to Weyl (reference 25) must be
of the chemlcal type in order to explain the stability of
such a system. King (reference 26) has reported that in the
case of good bondlng between iron and enamels, atoms of lron
vartlally venetrate into the enamel in the form of dendrites
which remain attached to the iron surface. .

(e) Metals to rubber.- It has long been known that
extremely good bonds are obtained by vulcanizing rubber onto
certain metallic surfaces. uvidence shows tnat -the rubber
is aotually attached to the surface througn a sulfur bridge.
The bond is obtained more easily with brass than with iron
(reference 27),a fact which correlates with .the greater ease
of the sulfide formation of copper and zinec than of iron.

(d) Metals to resinous adhesives.- An example of’
primary vond formation between a resin and a metal surface
has been described by Doolittle and Powell. (See reference
28.) These workers develoned a vinyl chloride~acetate co-
polymer resin VMCH for use as a metal lacquer by polymerizing
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a2 small amount of- malelic acid with resin,

carboxyl groups on the chain’ ends of the polymer.
of acid must be controlled to°a’ small. nrOportion.

percent or over causges excessive corrosion of the- metal
howeVer,-gives improved adhesion and the’
That the

low as 0.1 percent,
optimum amounts ‘are. between 0.3 %o 1.0 percent.
carboxyl group is. responsible for adhesion .was proved by
forming the sodium salt of the resin,
adhesive properties.

itself.

In his work for?ﬁﬁeildhoéivéé.Comiittee.

He found a close relationship between the atomic volume: of
the metal and the bond strength of = given adhegsive.
there is almost a linear relationship
‘as

shellac,’

‘for. example,
between -atonic volume "and ‘t'ensile strength of the Joint,

-

shown by the following data'

Metél'

s

thus giving free
The amount
‘because 5
Ag’

27

thereby destroying its .

Tengile: strenéﬁﬁ of

Diesters of the acid showed .poor adhe-
sion, but monoesters wereé almost: as effeotive as the acid
This develonment ig. an axcellent example. of what
may be expected -fram, 2 careful study of the chemical nature
of adhesion.-- .

v ——t

MoBain inveati—
gated the adhesion of a large. number of subsftances tao metals.

. - Atomig volume_;“- . .shellac-glued joint
oo s (PBi)
¥iekel .. - 6.7 3500 -
Copper - eoaTel 3300 -
Aluminum ‘1001 7 _28Q0
Tin ‘1642 - 21100
Lead 18.2 - . 800"

Investigators at the Resinous Products ‘and Chemicsal Gompany
have found that Redux Joints arse stronger with high ‘velency

metals than with low,

such as silicon steel.

'.20

Wood surfaces ./

and that with different grades of steel
the adhesion is poorest with those which oxidize readily,

(a) Wood %o adﬂosifés.- Adhesives for wood have been
more thoroughly investigated than for any other materigl.

The mechanism for the: .bond between wood and phenoclic redins,

which is much stronger than the cohesive bonds of wood,
very probably hydrogen bridglng between hydroxyl groups in’

"the .two .materials. - The reactivity of the phenolic hydroxyl:

groups ieg indicated by - the fact that water-insoluble phenol-
formaldehyde resin willtdissolve readilv in sodium hydroxide
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solutions of moderate concentration and even the cured resin
ls attacked by strong slkaline solutions.

The probadble structure of urea-~formaldehyde resins in-
dicates that much of their bonding power resides iIn the amido
(~-NH, ) and imido (=NE) groups which are present in large num-
bers in the uncured state. These groups will also partici-
pate in hydrogen bonding to other amido, imido, or hydroxyl
groups. Campbell (reference 20) postulates that, lnstead of
direct bonding to cellulosic hydroxyls, & molecule of water
gserves as an intermediary bonding material between wood and
urea resins. The rapid failure of such structures when sub-
jected to alternate wetting and drying was regarded as evi-
dence of such bonding. Introduction of high-bollling water-
insoluble alcohols into the adhesive mixture improved the re-
sistance of the bond to delamination under the cycle condl-
tilons. ’

{b) Wood and metal to sdhesives,- Most adhesives
which form satlsfactory bonds to metals are not sultable for
bonding wood and vice versa. Several adhesives have been
developed recently, however, which conslst of combinations
of rubbers with phenolic resins. The bonding is accomplished
by heat,which cures the phenolic resin in a strong bond to
the wood and the rubber to. the metal.

It has been found by Cunneen, Farmer, and Xoch (refer-
ence 29) that olefins form compounds with saligenin,which is
the precursor of phenol-formaldehyde resin.

ox g O~
O+ e (T
OH,,OH ¢— R CH,
g .

(Saligenin) ° (Olefin)

It has also been observed that an oxidized -rubber reacts
readily with malsic acid, phenol, and formaldehyde to give a
modified rubber-phenolic resin, (See reference 30.

A reaction between rubber and & curing phenolic resin
probably occurs in this same manner, the terminal salegnin
grouplng of the resin attaching to the double bond in the
surface molecules of the rubber. Thus a primary chemical
bond would be formed, accounting for the high shear strength
observed for these rudbber-resin adhesives,
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3, Glass surfaces.— The effect of cobalt oxide in bond-
ing vitreous enamels toc me%tal has already been mentioned.
Stannous chloride 1s used to promote adkesion in plating
silver and other metallic films on glasse. The strength of
the bond between sodium silicate and glass indicates that
primary chemical bonds are involved,.

tween rubber surfaces through Van der Waals forces as well
as through chemical bonds. In the first case,a solution of
rubber applied to a rubber surface leaves & fused structure
which has good beond strength. In the secornd case, vulcani-
zation proceeds across the interface of two rubber surfaces
in the same manner as within the two originasl masses. This
is evidenced by the bond strength of vulcanlized patches on

tires.

4, Bubber surfaces.- Strong bonds may be obtained be-

5, Plasgtic surfaces.- It has been found by Barkhuff and
Carswell (reference 31) that a thermosetting resin cured at
one btemperature gives evidence of further cure at a higher
temperature. This indicates that such a resin may frequently
retaln a degree of reactivity which would be sufficient for
chemical reaction at the surface with & curing thermosetting.
adhesive. In the bonding of any resinous surface cured in a
mold or between press. platens, it is very important to remove
any waxes used in their fabrication from the surface in order
to permit adesorption of the adhesive material.

Thermoplastic materials are usually swelled or dissolved
by organic solvents. Consequently, they may bée bonded by the

additifon of A& solvent which attacks both surfacées and allows

an interdiffusion of the two materials, This permits the Van
der Waalg attractive forces %o exert a maximum effect brought

about through hydrogen bridges.

4, Tundamental Approaches to '‘the Determination
of the Nature of Adhesion

a. The Bartell cell (reference 32).~ It has long been
known that the affinity. of a solid substance for a lignid
wag directly related to. the. gshape of a drop of the liguid on
a smooth surface of the solid. By measuring the angle of
contact, 1%t is possible to calculate the adhesion tension at
the interface:

Ay o3 =:Sz'(cos 8) where 06 > 0 (1)

>
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where .
A adhesion tehgion - g B
S surface tenglon” '’

& contact angle

Subscripts- . -
1 solid
2 liguid

This device-is“uﬁbful where the contact angle is finite,
but for the purpuwse of a study of adhesives it is much more
important to measure the attraction of a solid for liquids
which form a contact angle of zero. In other words, the best
adhesion is given by subatances whick have a greater adhesive
attraction for the surface than coheslve attraction within
themselves. ' '

Bartell and coworkers have found that by using two immis-
cible liguids, one which wets the surface very well and one
which wets it very poorly, it is possible to measure adhesion
tenslon 1f several other values are known or can be calculated.
Thig is based on the use of & displacement cell now known as
the Bdartell cell, which 1s shown in figure 5.

The solld substance is powdered to a uniform particle
slze carefully cleaned and dried and packed ipto the cell com-
partment bv a speclal technique, such that two-thirds of the
plug is saturated with the poorly wetting liquid and one-third
with the liquid which is to be measured, The:spaces between
the powdered particles behave like minute capillary pores, the
average radius of which may be determined by means of the for-
mula for the rise of liguids in capillary tubes as well as by
Polseuille's formula for the rate of flow of liguids through
caplllary tubes. Values calculated by both of these methods
check the pore size with a high degree of accuracy.

After packing the cell, the equllibBrium pressure required
to displace the poorly wetting liquid by the highly wetting
liquid is measured. By means of the follow1ng formulas, the
adhesion tension is calculated: :

cos 8 = .g_gl_I.,.i ) (2)

2,3 Bsé 5
" H

Pl
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Al,a'“ Algs'f cos 98,3 Sa,s E (3)
.Al,s = cos 81,3 Sz - (4)
Al,z = cos 98’3 Sa,s + Al,s (5)
where
A adhesion tension ) ’ Co : T o
P displacing pressure
S gsurface tension
5] contact anéle -
r average pore radius o
Suﬁscripts
1 . - solid
) highly wetting liguiad,
3 poorly wetting iiquid . JH

An example of such & calculation is. given by:solid car-
bon, carbon tetrachloride, and water (carbon = 1; c¢arbon
tetrachloride = liquid 2; water = liquid 3): :

8, s = 0° ' r=9.3.x 10 ° em
3 -
= 0 -
1,5 = 40° 85! Py, 5 = 6935 g/cn?
2,3 = 44.54 dynes/om. _ S;= 72.08 dynes/cm
. H . .—6
cos 8, o = 5935 X 981 X 8.3 x 107% _ o 514

2 x 44.54 N -

by 5 = Ap,5 = (o. 7103) (44, 54) 31.63 dynes/cm

Adhesion tension water carbon ;;kl-s x= (cos 40° 35')(72.08)
_ . L o 2 = 54.74 dvnes/cm‘
Adhesion tension CCl,icarbon = A, , = 54.74 + 31.63.= 86.37

dynes/cm
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A possible medns for attacking the problem of adhesion
of high polymers to solid surfaces would be the measurement
of adhesion tension values. of polymers of low molecular
welght. Thus, monomeric vinyl acetate and pure fractlions of
geveral polyvinyl acetates of low molecular weight may estab-
ligh a useful relationship between adhegiveness and polymer

size. !

b. Heat of wetting (reference 33).- When a solid is im-
mersed in a liquid it may or may not bde dissolved, dut in
either event a heat change occurs, The heat liberated in
the latter case 1s known as the heat of lmmersion or wetting
and is directly related to the energy of attraction between.
the two substances. Harkins and coworkers have devised a
calorimetric method for measuring thls heat and the resultis
have been applied in the paint and varnish industry in se-
lecting suitable vehilcles for pigment particles.

c. Heat of formatlon.~ In the investigation of the nature
of adheslon, the heats of formation of chelate compounds as
well as i1on exchange reactions of certain groups such as hy-
droxyl and carbonyl should throw some light on the strength of
bonde involving such groups. Phenolic resins remove anions
from water by exchanging hydrogen for the anion on the hydrox-
¥1l.group. This takes place readily with sodium and should
bear some relation to the heat of remction of sodium phenolate,
resorcinate, and so forth, Although unmodified phenolic res-
ins are poor adhesives for metals, because of incompatible
physical properties, they do form such strong bonds to steel
molde that the removal of a melded object may be effected
only when waxes are used to prevent bond formation.

II. PROPERTIES OF ADHESIVELY BONDED STRUCTURES

A. PHYSICAL STRENGTH OF BONDS

1. Mechanical Behavior Phenomens

It has been previously shown that high polymers consilst
of a weblike distridbution of molecules which, in addition %o
being mechanically intertwined, are attracted to one another
by forces ranging from weak Ven der Waals forces to strong
chemical bonds. Any high polymer at a given temperature will,
consequently, be either rigid or soft, depending on the magni-
tude of these bonds. There is a definite temperature for each
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substance below which it is appreciably more rigid- than it
is above that temperature. . This point is known &s the tran-
sition point and is a characteristic of materials bonded by
Van der Waals forces. d

When a high polymer is placed tnder =a given stress 1t
will suffer a deformation, the extent of which depends on
the temperature and the amount and rate of loading. The de-—

formation may be resolved into three components, - (See. refer-
ence 34.) . . ]
a. Ordinary elastic deformation (dpg).- The in dividual.
links in the chain molecule may be stretched by al i g*'the
bond angle under-an applied load o T -
¢, G ©C - - .. - C_ .G G- S
Ng” o7 o . _\\G/’ \TG// o :
dom : :

B . . . s

The forces requlred to bring abollt such a strain are very
high, being of the order of Young's modulus for metals. Thus
may be defined a modulus of. elasticity (GOE) for this process

which has a magnitude of 10%* to 10° kilograms per square cen-
timeter. Such a deformetion will appear or vanish lmmediately
as the load is applied or released. It 1sg completely inde-
pendent of temperature.

b. Highly elastic deformation (dmm).- & chain molecule::
has considerabls lengﬂh with respect to molecular dimensionsg.
and the . single covalent bonds do not prevent free rotation
of the atoms in the chain. 'Gonsequently, the maximum' pogel-:
ble ‘distance between ends of a carbon chain 1s never reached
in equilibrium. It seems most llikely that .the chain.isg more -
or less coiled along 1ts entire length and the distance bsZ”
tween ends will have a definite range fdr'd given kinetic ;
energy of the molecule. In order to increase .the distance
between the ends of these molecules, it is necessary that e
distorting load be sufficient to uncoil the chain. In addl-
tion to the energy required for uncoiling, some energy nust
be expended in overcoming the attractions between poinkts
along the chain and similar points on neighooring molecules,
This latter effect accounts for the fact that this process
isg temperature dependent

The modulus of elasticity (Ggg) for a material which may
be distorted by this process is of the order of 10 to 100
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kilograms per square centimeten and very great distortions
are obtained; rubber, for example, may be extended 1000 per-~
cent. Once the load is removed the coiling process will be-
gin, but reguires time to reach equilibrium. This equilibdb-~
rium is attained by simple revolution of the atoms about the
single bonds and. by overcoming attractive neighboring forces
which retard the process. .

c. Vigecoug deformation (dvisc)'” Above the transition

_temperature a thermoplastic material will be principally dis-
torted by separation of the molecular chains. This means
that the kinetic energy of chain motion is sufficient to
overcome the Van der Waals side forces, thus allowing the
molecules to be drawn along each other without a greatly re-
tarding friction. This process ig also time dependent, the
rate of flow depending on the difference between the expsri-
mental temperature and the transition point.

d. Deformation sguation.- The tetal distortion of a ma-
terial exhibiting all these characteristics may be repre-
sented by the following diagram:

— Vv
A —\/\/\/\/\/v—lB “uE 2>
T

Gox L
=
"HR
Bach element in the dlagram will be displaced to an extent
dependent on the load. The increase in distance betwsen A

and D wunder a given load 18 the total distortion for that
load. Thus, there may be writtent

dOE increase in distance AB

dgg increase in distance BC

d

visc'incréase in .distance CD

This process has been represented mathematically by
Alexandrov and Lazurkin (reference 35) and modified by Simha
(reference (36) as follows:

D(t) = dog + dgg (e [1 - exj; (L %)+ Enl-[ ('1>:
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The total, deformation (D) is expressed as a function of rate
of loading, and as the .sum of the three. types ot deformation
already discussed. The significancs’ of each of these ele-_;}-

ments 1is as follows:

1. Ordinary elasticity. =~ . = - S

- dgg = ordipary slaptip”defdrmation '
= T
Gom
where
Goﬁ 'ordinarv shear, tension, or compressiqn_modulps_ L
of elasticity - - SR
T stress
2. High elasticity o
o dHE(m) = ultimete high elastic deformatlon
S
Grm
where

Ggrg modulus of high elasticity

This factor 1s modified by the exponential term which
expresses the dependency on rate of loading and the viscous
element . )

5 time elapsed between start of loading and the instdnt

of observation, rate of loading being copstant .~
A= 2 : : S
CHE | . : i e

nHE the viscous effect associated with the hlghly elastic

deformation

A o~
B I P P it
~

L
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3. Viscoslity.- The:final term expresses the deformation
brought about by the viscous flow of the material modified
by the rate of:loadling. .

Thie equation for the deformation of high polymers is
only a first approximation. Other expressions have been de-
veloped, based on thermodynamics, which involve considera-
tions of cerystalllization phenomena. It 1s expected that fur-
ther developments in the interpretation of mechanical behav- _
ilor of high polymers will materilally contribute to a better
understanding of glue line phenomena.

2. Bffect of Thickness of Glue Line on Strength

a, Experimental evidence.~ An investigation of several

adhesives for wood by Poletika (reference 37) reveals that
Joint strength 1s inversely proportional to the thickness of
the glue ldine. . -

Glue layer Number Average shear Average wood
thickness of ‘gtrength failure
(in.) samples ' (psi) (percent)
0.002 ! b 1500 37 s
. 003 5 1330 40
.004 11 1450 26 -
.00bB 17 1410 22 -
.0086 6 1340 21
.oo% 7 1150 29
.008 8 1100 19
.009 10 . 1180 ) 11
.010 9 1200 ' 9
.011 6 300 12
018 7 920 6
.014 4 840 4
.015 5 B850 4
<016 B . 870 . 5
.017 Y- O P90 e 3
.018 4 480 2
.0l¢ 2 560 B
.020 1 520 3

- ™ ~ T '-’ .- T~

L M LS e SRR AP

However, atarved Joint formation will occur 1f too little
adhesgive ig applied to porous surfaces and would result in p
a weak Joint because of lack of film continuity.

.
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.+ “8imiltar relationshipe were found by Crow (reference .38)
in a study .of goft soldexped. Joints." Ee found that, by making
the film very . thin, .Jeint. strengths &s -high as 11 tons per.
square inch .were obtainable. » This value 13 several times the
tensile'etrength of the solder‘; ‘ T
‘. Probabilitz,of £1 aws.- - The relationship between aver-—
age strength -and rod or fiber.length has been discussed by
‘Peirce (reference 40) for cotton, Bellinson (rgference 41)
for rayon, and Anderegg (reference 42) for glass, If & fiber
10 inches in 1ength is broken, the rupture will occur at the
weakest spot.' . If another fiber exactly like the first isg
divided into ten l-inch 1emgths and each of these is broken,
a range Jf breaking loads will be obtained the lowest being
equal to the one obtained on the first: fiber. Thus, the
shorter the specimen the less will be the prebability that it
will contain the weakest eppt This same analogy can be ap-
plied .to glusd Joints; thd average strength of 10 thin ones

should ‘be greater than that of oene ten' tines as thick,

To test this assumption, Bikerman (reference 39) pre-
pared joints bYetween brass Blocks and steel cylinders with
paraffin wax. He contrdlled tlie thickness-of the wax film
in each Jjoint so that 100 joints were obtained having thick-
nesses of approximately 57 p and {40 .vf approximately 540 p.
The operational variables were ninimized by preparing 10 thin
Joints and 4 thick Joints in 10 successive groups. The ten-
sile load was agplied by suspending gram ‘welghts from-the, -
samples._‘The results of these tests are-as followss. -

; one

S TN - Strength.of Paraffin Wax Jolnts
SR B ot . {kglem®) NP
Group of ‘il LIIEBT . 54 0p
spaefmens® 27 Maximum - Mean Minimum Mean
1 35.0 27 .5 i8.0 17.5
w8t i los 35,0 . L. 29.5.. . 20.0 15.5
SN - - 32,0 - | 26 O» N 20.5 16,5
~wnd o owrtg - 31.0 . | 25.0 - . .. 18,5 14.5
- B S | 25.5 . . 22.0. | . 17.0. . 13.0
6 32.0 24,5 19.6. - 18.0
7 28,0 22,5 14.5 7 13.0
8 29.5 23.5- . | ..20.5 .. 13.0
S ~ 28,5 2%.Q -~ | 4...18.5 | ' 14.5
X0 29,5 - 22.5. . }....1%,0. . 13.0
Average . 30.8 24.6 18,20 14.85

'
S te
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The .average value obtalned for the thin Joints compares
with the value of 18 ‘kilograms per .square centimeter for par-
affin to dbrass obtained by McBain and Lee. - (See reference
14.) The tensile strength of paraffin measured by
Konstantinova (reference 43) 1s 7.45 kilograms per square
centimeter and for joints thinner than 0,01 millimeter, 14.8
kilograms per square centimeter. McBain and Les obtained
the following values for varying thicknesses of shellac
Joints; these show similar relationships to Bikerman's values:

Strength of Joints

(ke/cm®)

' Ratio
Joint Thin Thick thin/thick
' 57 540 p
Al:ishellsasc:Al ‘ 145.0 75.0 1.93
Ni:shellac:4Al is0,0 ° 110.0 1,73
Brassiparaffin:stesl 24 .6 14.8 1.867

Bikerman analyzed his data by means of a simple applica-
tion of probadbility theory as follows:!

aumber of specimens of length. 1l

Let m
number of specimens of length 1/n

n

If 1t is assumed that the probadility of finding a weak epot
i1s a function of length, one in n of the thin Jjoints will
contaln the weak spot which would have caused the failure of
the thick Joint, The tensile strength of this Jjoint would
accordingly be identical with that of the thick Joint, If
this reasoning 1s correct, the low values in each batch of
the paraffin Joints of 57 i thickness should not differ sig-
nificantly from the average values of those of 540 p thick-
ness.

The difference between the low values of the thin Joints
and’ 'the average values of the thick Jjoints was found to be
eignificant, but the probability theory éaccounts for anprox—
imately two-thirds of the difference in strength. Thisg is
shown“as follows:

:-Let m = number of values
t = a measure of the,slgnificance of the difference
Xy4XgsXz....X30 = the differences in the same group

between the minlimum values of
-the thin joints and the average
values of the thick Jjoints
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and X = the difference fefween the totéi'a}erageé_for
the minimum values of the thin 'joints and the
average values of the thick Joints

Then n = 10 . . L oo
x = 18,20 - 14,85 = 3,35 - _ 5T3
and t = x«/mfm~l5/[(xl-X)3 + (xa-—x)8 + ... (xlo-x) ]

5.1

Since, when m = 10, only one value of +t 1in 100 will exceed
3.25 by chance, the diffsrence. between the low values for the
thin Jjointe and the average values of the thick Joints 1ls
significant. The discrepancy between these values 1s ex- _
plained by Bikerman as due to crystallization differencesin
the thick and thin sections of wex.

¢, Surface smoothness.- In order to obtain a strong

Joint, a smooth surface is more desirable than a roughened
one, inasmuch as the depressions in the roughened one -must be
filled in addition to the gap bstween the two surfaces. Fur-
"thermore, if the surface is deeply scored, there is always a
possibility that air budbbles will be trapped in the glue line.
The existence of such points of interfacial discontinuity will
cause high concentrations of stresses in their vieinity which
will result in premature failure of the entire bond when ex-

ternal loads are applied.

d, Effect of curing ronditions.~ When a thermosetting
resin adnesive 158 used, 1t i1s cu.ed in the joint with pressure
and very frequently with heat. Thus, it reachss an equillb-
rium state under an abonrmal set of conditions. When the
pressure and. heat are releaséd, the resin has a tendency to
reach an equllibrium at- & lower pressurse and tempsrature, bdut
is restrained by its bond to two surfaces. This results in a
stress at the glue line.” If the glue line is very thin, =
these stresses will be very small with respect to the bond
stroength and the glued Jjoint will be able to support much
higher loads. Similar stresses are set up in adhesive films
which are formed by evaporation of solvent.

3. Problem of Thermal Expansion Differences

Inorganic materials such a5 glass and metdls are charac-
terized by relatively low coefficients of thermal expansion;
whereas organic materials in generazl have high thermal expan-
slon coefficients. Fence, stresses are developed in Jjoints
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prepared with ' thésd two tyves .of naterials when the tempera-
ture differs appreciably-from thatl.at which the bond was
formzgd. If the ‘molecular cohesion of one of the materials is
sufficlently low, the strésses developed at the glue line can
be relieved by flow. However, such materials usually undergo
excessive flow at temperatures above the softening poirt and
have-ngor bgni strenpthn, For maternals which have high mo-
lecular cohesion and’ hence undasrgo" verv 1ittle flow, such as
the thermosetting resins or mest matwsrials &t low tempera-
tures, the stresses developed because of difTerent thermal
expansion coefficients &re not readily relleved ty molecular_
flow. ' .

For the latter tvpe ‘of material it is necessary to add
an ingredient to the adhesive to adjust its thermal expansion
coefficient %o.approximately that of the adhsesrend. Investl-
gations at the Natlongl 3ureau of Standsards (reference 44)
have shown that this can be achieved by the addition of inor-
ganic powdered materials to the adhesives.,  This may be illus-
trated by the adjustment of the thermal expaneion coefficient
of polystyrene to that of brass,

Pure polyvstyrene has a thermal expansion of 70 x 107 5/°
whereas that of’brase-is 17 X L0"%/90., When brass inserts .-
are placed in piire poliystyrene, very small changes in temper-
ature cause the plastic to crack and bscome detached from the
metel. If 11 percent aluminum oxide, having an expahsion co-
efficient of 8.7 x 10 / C, 1s added to the polystyrense,
cracking does not occur over Rt wide temperature range and the
bond remains intact . . .

This same principle is frequently employed in the wse of
.carbon black in rigid adhesivee._ Carbon hag'a very low expan-
sion coefficient (5.4 :x 10"6 )f When 10 percent is added to
phenol formaldehyde resin, the coefficient of- expansion ‘i
20 percent 1s%s than that of the.pure resin, Equations for
calculating the compoeition of adhesive mixturee required to
obtain a desired thermal expansion coefficient are given in
reference’s 44 and 45, T

B, TEST METEODS FOR BOND STRENGTHS

Comparatively little work has been done on the develop-
‘ment and ‘staridardization .of testing methode for detsrmining
“the fundamental physical propertiee of adheeivery bonded
jointe. The American Soclety .for Testing Materials has
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recently organized Committee D—l4 on Adheeives to formulate
methods of tests pertaining to adhesives. The cooperative
efforts of "the wembers of this committee should contridbute
to a better understanding of the problems involved in test-
ing adhesively bonded Jjoints and should provide z basis for
obtaining uniform test data for bonds formed between .the
many available varieties of adhesives and aahéreﬁes.;.z

v ) T Fora
Some of the testing methads which heve'Ueéq used or pro-
posed for the determination.of bond strengths will be briefly
reviewed to complete this survey on adhesives and adhesion.

-, - . N

1, Tensile Strength

A method for the determination of the tensile strength
of glued Joints based on experimental work at the Bell
Telephons Laboratories (reference 46) has been prepared for
consideration by the Subcommittse on Strength Propertiss of
A.S.T.M. Committee D-14 on Adhesives. .This method provides
for the type of specimen shown in figure 6 and specifies tnat
self-alining . grips shall be employed in order to assure o
loading exactly normal to the glued surfaces.

“! & . 2., Shear Tests

In the testing of glued joints in .shear it is very dif-
ficult to attain pure shear conditions. A variety of methods
have been proposed for ths determination of this property.

"Phe block -shear.joint test and the plywood joint test are
currentlyfused in Army-Navy Aeronautical specifications.
These "and Sther. proposed shear .tests .for glued Joints are in-
cluded in the foIlowing summary of such tests. N

-t ”',’Block sHear (reference 47) - The block shear test 1s
the method most widely used for .evaluating the bonding
strefigth of adhesives:tq wood. The specimen and shear*ng

tool dre shown fn figure 7. The specimen ig.broken by*the
application of a compressive load. i

th2 Plywood sh ea ar (reference 47) - The plvwood shear test
pecimen consists of a three-ply wood laminate in which the
-grain-of the center ply is at rlght angles to the two face
plies. The specimen is prepared by milling a groove two- thirds
through the core on each of the face plies. Thé epecimen is
brokgn under a tensile 1oed in special grips.as shown in fig-
ure _
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C, Sinzle lip %oinf héar €reference 48).~-.The slngle
lap joint speecimen haé hedn"widely used for the measurement
of adhesgion %o, metals., The'-dpecimen is broken under a %ten-
glle losad. Standard Pribs for tensile specimens are. used.
The specimen is ehown in figure 9.

. Double lap joint ‘shesr - (reference 4£) - The double ¢
lap Jjolnt specimen was developed for the purpose of overcom-
ing the unequal distributiod” &f stresses encountered in the
single lap Jjoint specimen," and ig broken in the same manner,
The specimen is shown 1 figure 9.

e, Scarf joint shear (reference 48) .~ The scarf joint
specimen is difficult to prepare, but the shearing stresses
developed in the glue. line are more uniform than for any
other type of shear test. If the two adherends are of equal
modulus, the single scarf Jjoint 1s adequate. For materials
of unequal modulus, however, it i1s necessary that the angle
taper of each be provortional to its modulus, thus necessi-
tating a double scarf joint. These joints are illustrated
in flgure 9., The specimens are broken under a tenslle load.

f, Cylindrical single shear (reference 14).- The cylin-~

drical single shear test was used by McBain to reduce the

- amount of wood fallure in the glue line. The grips and spec-
imen are shown in flgure 10. By means of a2 special adjust-
ment it is posesible to vary the angle 6 shown in the fig-
ure. It was found that the most reproduclible values were
obtained when 8 = 60% The specimen ig broken under a com-
pressive load, ’ .

2. Johneon double shear.~ The Johnson shear test 1s per-
formed with the .specimens and shearing tocol shown in flgure
11, 1I%t consists in rigidly clamping the outer sections of
thé~ speclmen in the shearing tool and applying a compressive
load upon the shear member whieh applies an evenly distrib-
uted load to the central portion of-the specimen. It is nec-
essary: that the two glue lines be accurately placed in the
shearing planes of the instrument; thus Very careful machin-
ing of the specimen is requir%d £or reproducible values.

The cylindrical ‘Touble ‘shear tiost used by McBain (refer-
_ence 14) is similar to the Johisdnishear test. The essential
difference is that the cylindri'ecal specimen is broken by a
tensile load., The .grips and specimen for this test are shown
in figure 12, B T

h. Discugsion of shear tesgts.» Each of these tests has
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disadvantages; some give poor reproducidility and others re-
quire a high degree of accuracy in machining. The reasons
for poor reproduclbility may be 1llustrated by considering
the single lap Jjoint specimen. It has been shown (referenced
49) that stresses applied to such & specimen are not equally
distributed over the entire glue line, but are concentrated
ngar the ends of the overlap. This is illustrated in figure’
13.

This unequal stressing is due to the shape of the test
piece rather than the means for applying the load. A given
load will be concentrated excessively at the ends of each
member on the overlap and very slightly on the exact center
of the glued area. The result will be a partial shear fail-

" ure and a partial peeling action. The shear value .obtained
"in this way will not be directly pronortional to the area of
the overlap, but will reach.a maximum value after which in-
creasing the area will not change the shear value.

~De Bruyne has found, however, that by tapering the ends
of the overlapped sections, the shear value will become pro-
portional to the area. A comparison of shsar breakling loads
obtained by-these two methods i1s presented in figure 14.

It is shown in figure 9 that a similar modification of
the double lap Joint eliminates even more of the distortional
error. . . ' . . :

Shear methods based on torsion have not been investi-
gated to any extent., These methods are also hampered by the
problem of nonuniform stress distribution over the entire
glued area. A rigorous consideration of the stress problems
in shear testing has been pressnted by Goland and Reissner h
(reference 50), and also by Hearmon (reference 51).

N
~ . LT e

National Bursau of Standards,
Washington, D. C., February 23, 1945. e e LR
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b. Organic Nitrogen Resingg'

l., Alkylolcyanamide S
United States: 2,300,570,

2. Alkylolguanidine o )
United, States::, 2,298,473, rvx” - - ° )
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3. Bisthioammeline polyalkylene ether
United States: 2,325,105, . e o

British: 546,373,

4, Ethylene Imine
Ge;mang 729, 248,

5. Melamine ~ Aldehyde L
United States: 2,318,121; 2,331,446.°

British: 49,4986,

-

German: 721,240.

6. Superpolyamides )
United States: 2,22¢4,037; 2,281,415; 2,296,555,

German: 721,187,

7. Urea - Formaldehyde
United States: 2,180,547; 2,190,239; 2,192,585;
2,193,630; 2,203,501; 2,223,536; 2,247,764&;
2,275,821; 2,283,740; 2,287,756; 2,290,946;
2,303,982; 2,304,600; 2,306,057; 2,312,2310; .
2,314,308; 2,315,776; 2,320,301, ° -7

British: 512,659; 516,915; 521,653; 531,356; 536,493;
545,409, L . -

& [

Pronghy - 881,404, 10T T o o e ie e
Gormen: '681,324; 681,872; 698,656; 722,218; 736,618,
c. Alkyd Resging: T Dt te
United States: 2,194,013; 2,202,765; 2,215,219; .
2,224,035; 2,230,230; 2,252,393 2,280,256; 2,288,315,
British: 544,057; 547,328. S |

d. Furane Resina: . . _ .-;;:_Lq
1. Furfuryl Alcohol - Formaldehyde
United States: 2,306,924,

2. Furfuryl. Silicate. S e
United States: "2,300,812°
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e. Polymerization Resins:
1. Acrylice Polymers t

a. Acrylic Aclid Esters : .
United States: 2,214,158; 2,221,367; 2,280,981.

German: 575,327; 705,520,

b. Methacrylic Acid Bsters
United States: 2;199,597; 2,231,471; 2,268,611;
2,280,981, 2,281,589, o

German: 697,083; 705,329,

2. Bthylene Polymers
United States: 2,219,684; 2,263,249.

British: ' 544,359,

3. Styrene Polymers
United States: 2,276,478,

British: '522,553.

German: ' 698,656,
4, Vinyl Acetal Polymers o .
United. States: 2,197,420; 2,200,969; 2,205,020;
2,213,751; 2,222,490; 2,227,983; 2,232,806;
2,233,941; 2,240,027; 2,274,672 2,279,145;
2,279,901; 2,317,891; 2,327,652, .°

Britiah: 525,566,
Canadian: 397,250; 387,476,

German: 690,332, .. . = R

5. Vinyl Alcohol Polymers ' ' L
United States: 2,234,829; 2,242,019, -7

German: 704,462, L
6. Vinyl Ester Polymers N R
United States: 2,168,220; 2,209,436; 2,219,433;
2,259,490; 2,319,8268; =2,322,048. N

. . -
‘e
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Australian;

10K
- Wiy

199,
British: 510,826; 511,996; 512,478:
German: 687,486; .705;520; 931,932,

7. Vinyl Ether Polymers
United States: 2, 300 587

. ]
French: 849, 442.. =.“ -.'
German: 705,394,

8. Vinyl Ealide Polymers

United States: 2,261,313; 2,300,587,

French: 845,569.
German: 698,655; 713,793. .

9. Vinyl Lactam Polymers
United Statess - 2,265,450,

f, Celliulose Derivatives:
1. Cellulose Esters

-

United States: 2,176,837; 2,188,395;
2,268, 661;
2,324, sso” -

2,223,5675; 2,234,236; 2,258,991;
2,281,483; 2,296,891; 2,324,097;
2,325,700.

British: 514 172

Canadian: 595 145- 400 105

German: 681,322; %07,659; 730 306,

Russian: 52,331,

2, Cellulose Ethsrs ) .o p
United States: 2,171,140; 2,210,704,
2,273,677; 2,285,178; 2,319,834;
2,330,313,

British: 529,993, ¢, T sl i U

Canadian: 398 320 400, 643

R v - r
VR T LA RO

T A N
Se o .
o

vy v
- e,.zJ-,

542,658;

s

67

542,964.

2, 214 286

2,234 52;
3,359,741,

(.

.......
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French: 841,8?6; 841,8865.
German: 716,22); 735,864.

£, Carbohydrates (Zxcept Celluloée’Defivative§2

1., Dextrins .
United States: 2,172,357; 2,174,541; 2,181,782}
2,188,099; 2,190,372; 2,204,384; 2,210,119;
2,241,700; 2,287,5%9; 2,303,791; 2,304,730.

2. Guns
United States: 2,220,988; 2,319,102,

3. Starches ) ’

United States: 2,194,216; 2,202,678; 2,212,557;
2,215,847; 2,215,849; 2,221,484; 2,223,872;
2,222,873; 2,222.874; 2,222,875; 2,238,767;
2,258, 741; 3,275,314; 2,282,364; 2,283,044;
2,321,072, .

British: 511,036; B527,704; 543,433; 543,433,

Canadian: 403,788, ' -

French: ' 852,825 852,826; 852,827,

German: 719,568,

h, Proteins:

1. Animal Glue o '

United States: 2,170,2%3; .2,176,038; 2,182,425;
2,214,231; 2,226,5563; 2,235,202; 2,246,405;
2,265,144; R2,282,177; 2,308,185: 2,320,087;
2,323,831, ’ :

British: 505,868.
'Canadian: ' 394,976, 415,995,
German: 700,759,

2. Blood Albumin .
United States: 2,180,542; 2,307,198, °

3., Casein R . :
United States: 2,180,542; 2,180,543; 2,182,357;
2,197,168; 2,300,907: 2,302,378; 2,330,428

2,332,519 2,334,270.
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"Augtralian: 110,458.

British: 531,084; 540,326;

Chitin .
United States:
Germén: 716,428.,‘

5. Seed Meal '

United States: =2,174,438;

©3,.201,762.

543,302; 543,325,

2,233,213; 2,243,871;

2,297,340; 2,312,056;:2,333,8¢1.

3,260,640; 2,271,620;

2,250,040,

2,273,880,

Soybean
United States: 2,178,566%
2,274,983; 2,284,700,
Japanese: 134,071, 134,130,
7. Zein
United States: 2,229,028;
Canadian: 406,768.
German: 716,340.
i. Rubbers:
1. Butadiene Polymers .
United States: 2,265,722
Russian: 53,402,

Chloroprene :
2,328,351,

3. Cyclized Rubber’
United States: 2,300,368,
4. Halogenated Rubber - .
United States: 2,234,621;

British: 524,070,., -,

5. Isobutylene Polymers

United States:., 2,213,331;

1

French: 849,983,

United States: 2,212,611;

2,286,505; 2,800,352;

-,
%

2,269,180,

2,226,569; 2,319,959, .

69
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6. Natural Rubber
United States: 2,203,677; 2,209,451; 2,226,938;

2,232,791; 2,240,862; 2,254,321; 2,256,194;
2,257,083; 2,259,350; 2,263,305 2,269,6860;
2,277,992; 2,278,355; 2,278,609; 2,279,110;
2,281,087; 2,284,947; 2,297,837; 2,295,866;
2,297,871; 2,300,592; 2,304,678; 2,310,972;
2,311,301 2,318,126;_2,335.104..

British: b514,037; 517,816; 521,108; 521,401; 522,057;
522,152:; 531,203; 533,630; 542,331, 547,841; 551,398.

Canadian: 391,000; 393,229; 393,230; 400,442; 407,463;
409,65L; 415,026; 415,030,

Dutch: 49,687.

French: 844,387.
Russian: 54,276; 57,435,
Swiss: 213,019,

7. Phenol - Formaldshyds Modified Rubber
United States: 2,314,997; 2,343,551.

British: 530,697; 544,944,
Canadilan: 415, 029.

8. Neoprene _ .
United States: 2,196,602; 2,226,541; 2,313,039,

P

9. Rubber Hydrochloride
Unlted States: 2,174,673; 2,218,617;'2,320,716.

10, Sulfide Polymers .
United States: 2,206,643; 2,252,366,

German: 707,438; 709,691.

. Miscellaneous Natural Organic Products:

1. Asphalt .
United States: 2,175,767; 2,280,653 2,283,937;
2,286,244; 2,290,833; 2,322,886.

British: 533,927.-

Canadian:. 405,350, .
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2. Bitumins
United States: 2,280,699.

British: b519,119; 519,463; 538,105.

-

‘B47,749; 847,829; 850,940.

French:-

3. Fatvy Acid Sa.ts .
Unitad Ztates: 2,284,570,
Canadisn: 415,383, i
German: 694,158,
Japanese: 128,323; 129,852.

4, Lecithin .
BPritish: . 525,250,

5, Pitches . ) o .
2,208,580; 2,218,335;.2,288,293.

Unites States:
Britisgh: 533,546.
German: , 786,874, . -

N s

‘ Russiant™ $4:518;.,55,150. .

6. Rosin Esters I _ _ .
2,179,339;" 2,223,086; 2,285,416;

United States:
2,807,801; 2,319,271,

German: 710,324, .

Russian: 55,670. e . -

-~

7. Wood ‘Waste Derivatives - L. _
2,319,883 Vep ..

United States: 2,294,6661

8. Waxes
German: 702,740; 704,088; 704,754, - - .vis
. ' . - R R .

Russian: 53,976, Phemdon Peeis
_ Swiss: 209,644, | CEEES mewiE oo s ol
' T B R 7T SN
teocs .o

" N a MEAg, - 't,' . ,i._’" P
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k, Inorganic Subastances:

1. Boron Compounds
United States: - 2,219,583; 3,223,349; 2,231,718,

Canadian: 390,041,

2. Phosphorus Compounéds _ . e
Britieh: 531,694, .

3. Silicon Compounds .
United States: 2,215,048; 2,239,358; 2,261,784;
2,278,345; 2,285,083; 2,287,410.
Belgian: 440,870. -
British: 526,462; 529,593; 542,655; 552,143,

German: 688,578; 698,389; 701,503.

3. Aircraft Manufacturers! Reports

a. Allled Aviation Corp.. Cockeysville, M4.

1. Tests on Thermosetting Adhesives for Rubber Bag Cooking.
2. Test Program for Durez Resin 11814.

8. BShear Block Tests - Cascophen Resins.

4, Tests of Cast Dureg Resin.

5. Tests for Special Assembly Using Cold Setting Durez 11814,

6. Shear Block Tests Using Cold Setting DuPont Adhesive
J4600 X 5100,

7. Test on Melmac 401.
8. Shear Block Tests on.8 Miscellaneous Adhesives.
9. Shear Block Tests on Durez 11814 wlth Catalyst. 7422,

10. Comparison of Various Percentages of No. 7422 Accelerator-
Durez 12041.. '

11. Shear Block Tests Using Durez Resin 12041. .

12. Reports and Grapﬁs on Miscellaﬁéous and Sundry Testsa.
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20.

11,

12,

13.

14,

15,

b. Beech Aircraft Corp., Wichite 1, Kansas: R
Resin Glue Specifitation for Wood Glulng. L

Gementing Similar and Dissimilar Materials - Sealere.

-Non-Skid Walkway and Floor Material

c, Boeing Airplane Co,, Wichita, Kanses: e

A Comparison.oef  Commereial Rubber Cements for Bonding.
Insulation to- ‘Wood or Metal. Rep. No. 841,

Tests on Cascamite Cold-Setting Resin Glue, Rep. No. .634l.

Gluing %o =2 Glue-coated Surface - Casein Glue. Rep. No.
6354, . . .

Hot Press Gluing of Laminated Spars, Scarf Joints and Ribs.
‘Plagkon 250=2. Rep. Fo. 6372.

Tests on One-Tenth Inch Laminated Fir Spar Stock. Rep.
No. 6375, °

Fatigue “Tests on Wood and Glued Wood Assemblies. Rep. No.
WD-10464,

Specification for Hot Press Gluing Spars. Rep. No WD;11051.
Gluing of Paper ‘Base Phenolic Plastic.' Rep. No. WD- 11101

Specification for Gluing Paper Base Phenolic Plastic
Rep. No. WD-lllOa. _ , Lot

Cement for Bonding Imnsulation Material to Metal. Rep. No.
WD-11104.

Amberlite PR-75B; Low Temperature Phenol-Formaldehyde Glue.
Rep. No. WD-111085.

[ T

Technical Information on Adhesives. Rep. No. D-3790
P : -""’;r
Boeing Process Specification for General lnplication of
Cements. and Glues. .Rep. No. BAG 5010, - - Pennd
Boeing Process Specification for Joining and Insulating
Alr Ducts. Rep. No. BAC 5403, ., i -1 j: s.ibeienal
»LeE ¥, ’ B
Boeing Process Specification for the Handling and Gementing
of Methyl Methacrylate: Enclosures with Synthetic Rubber

Mountings. Rep. No. BAG 5410
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16,

17.
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Design Manual, Sec. 12.11. Rep. No. D-5000,

Miscellaneous Tests on Synthetic Resin Adhesives. Rep.
No. T-24549.

4, Bell Aircraft Corp., 2050 Elmwood Ave,, Buffalo 7, N.Y.:
Cycle~Welding 24S-T Alclad to Birch. Rep. No. BTR 43-86.

e, Chance Vought Alyoraft, Stratford, Oonn,
(Divieion of United Alreraft Corp.)

Rubber Cements - Commercial and Synthetlc Bonding Neoprene
Sheeting to Aluminum Alloys. Rep. No. 38,

Cements - Rubber or Neoprene to Metal (Gasoline and 0il
Resistant). Specification No. 99,

Wood Gluing; Cold Setting Urea. Specification No. 110.
General Purpose Cement, Specificatvion No. 111.

Application of Fabric to Metal or Plywood Surfaces.
Specification No, 113.

Attachment of Walkways. Specification No. 114.

1

f, Consplidated Vultee Alroraft Corp,, San Diego 12, Jslif.:

Development and Use of Metlbond, Rep. No, ZM-223,

2. Ourtigs-Wrisht Corp,, Louisville, Xy.

Material Substitution at Curtise-Wright. Rep. No. GI-104-D3.

Preparation and Application of "Weldwood" Plastic Glue.
Rep. No. L3-1l2-1 )

Cementing Procedure - Antenna Reflectors. Rep., No. L-3-12-2.
Accelerated Gluling of Scarf Inlays. Rep. No, L-3-12-3.

Cementing Flap Seals (CE 10003) to Flap Closures. Rep. No.
L.3-12-4, '

Cementing of Gap Closures on C-76 Airplanes., Rep. No.
L.3-12-5,

Shop Procedure for the Use of Infra Red Heat Lamps in Curing
Glue Bonds, Rep. No. L-3-12-6.
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10.

11,

12.
13.
14.
lb.
1l6.
17.
18.
19.
20.
21,

22.

23 .-

24 .
25.
26.
27.
28.

29,

30,

31.

-",:4. .l. ‘v T

Haskelite: Moulded Part Using Dry—Film Glue. Rep. Xo.
L-43-6, - _ Tooo ooy

CEa S IR -z ==

Accelkerated Curing of Elquqn 25@-3 Giﬁe. Rep. No. L-43 1la,
Glue Bonds Eloo? and S;ie:gf Sﬁip ﬁo.lﬁ. Rep. ¥No. L-.43-25.
Comparlson of Elastic Gemgnﬁs.. Rép. ﬁo. L-43-35. '
U.S. Rubber Go., No. 355 Cement. Rep. No. L-43-36.
colé7%;tt1ng Nat{onal Liquid Reein Glus. Rep. No. L-43-61.
Bakelite Urea Resin with Catalyst. Rep. No. L-43-64. o
Investigation Qf Lauxite 77-X. Rep. No. L-43-69.
Plaskon Resin Glue 201 and 250-2. Rep. Wo. L-43-70.
Cascamite Urea Resin Glues. Rep. No. L-43-71. T
M and MT Miracle Adhesives. LK Rep. No. L=43-77.
Fairpreen Caulking.CEmppupd and Cement. Rep. No. L-43-81.
Uformite Resin Adhesives CS-B51 and 552. L Rep. No. L—43-82.
Le Pages Pénlte Plastic Resin Glue. ‘Rep. Vo, L-43-847_Z
Perkine Resin Glue. Rep. No. L-43.-87.

Glue Film Thickness on pH. Rep. Wo. L-43-88 .
qunmite_Rasin,Glue-Nq. 500. Rep. Eo. L—43;90.

Uformite Resin Glue No. 430, Rep. No. L‘43;92,

Hot Press ‘Cagédmite 66 witd "Catlyst [E-19, ~Rep. Nov Ln43-96.

Hot Press Uformite 500 with Catlyst Y. Rep:, Ng,,L 43 9% 5.

Effect of Drying Time on PH of Glue Film, Rep. No L-43- 100

Riveted Panel Reinforced with Thermoset Adhesive Rep No
NE-»-93~8S1.

N

o

Plasgigghip,thg’P—40 Box. Rep No. PC- 227 Dl

C-48 FTloor Door. Rep. ¥o. PE 127-D1.
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32.
33,

34 .
35,

36.

37.
38,

39,

40.

41 .
42,

43,

44 .

45,

46.

47.

48,

49,

50,

5l.

B2.
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Cc- 46 Pedestal Gontrol Knobs Rep. No. PE-217-D1.

An Approximate Elastic Solution for the Jointing of Two
Similar Plates .by Adhesion. ‘Rep. No. RP3-S51.

Tests of C-76 Yellow Poplar Plywood. Rep. No. SH-106+51.
Tests of C-76 Yellow Poplar Plywood. Rep. No. SH-106-52.

The Small Bending Theory for Flat Laminated Plates. Rep.
No, 58~13.

Static Test of a Plvﬁood Floor Panel. ZRep. No. 58-14.
Resultes Obtained in the Gluing of Compreg. Rep. No. 55-15.

Acidity of Cold- Setting Urea Resin Adhesives. Rep. No.
55~16. : .

Solubility of Resin Adhesives. Hep. No. 585-17.

L]
"Proe!" Water in Urea Resin Adhesives.  Rep. No. 55-18.
Gluing Resin Sealer Coated Wood. - Rep. No., 58-19,

Progrese Report .on the Bonding of Aluminum Alloy. Reﬁ,
No. 55S~20. '

Alkaline Contamination of Resin Glues, Rep. No. 5S-21,.

Control of Wood Aireraft Manufacture and Inspection,
Rep. No. 55-23.

Properties of .Artificial Resin Adhesives. Rep. No. 55w26,

.Effect of Catalyst Proportion upon the Acidity. - Rep. No.

55-28. _
The Venesr Orienfation for Plywood Plates. Rep. No. 55-57,

A Breliminary Investigation of Lignin and Its Derivative
Productes. Rep. No. WA-132-S1,

The Effect of the Bag Molding Process dpon the Strength of
Low Density Plywood, Rep., No. WB-171-Ml.

Cold Setting Phenollic Adhesived. Rep. No., WE-11-Mg9.

Fatigue of Resin Bonded Wood Joints, Rep. WE-11-M10,.
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53.
54,
55.

56.

58.

59.

60.

61,

62.

63.
64.
65.
-66.
67.
68.

69.

Test of Resinox No. 840 (A Melamine Resin Film Adhesive)
Bep. No. WE-11l-85-1,. . N

Test of Resinox No. 841 (4 Melamine Resin Film Adhesive)

Rep. No., WE-11-S- 2. ) o
Test of Penacolite, & Cold Setting Resorcinol Adhesive.'
Rep. No. WEB-11-54,

Properties of Urea Resin Adhésives. Rep. No. WE-ll 'S 5,

Propertieg of Artificial Regin Adhegives Ren . No
yvd; Vode W WD N ey W e de e W ke T ke e W BT e b Yl v e h.'v“. -:" - ®
WE-1l-85-6.

Test of Du Pont Adhesive No. 4624. Rep: No. WE-11-5-7.

Mest of Bakelite XCu - 16257 (Hardener XK 16229). A Craze
Resistant Urea Resin Adhesive. Rep. No. WE-11-S-8.

Setting Rates of Urea Resin Glues. Rep. No. WE-15-S1.

Low Température Phenol Formaldehyde Adhesives. .Rep. No.
WE-lG-Sl o

Bvaluation of Moderate and Low Temperature Adhesives; Du
Pont 4631-J-85-0025 and Bostik -48-Y4 (A_zoo) Rep.
No. WE-18-Ms,

Test of Resinox No. 410, Wood to Metal Adhesive. Rep.  No.

Test of Resimul No. 697, quﬂ to Metal Adhesive. Rep. No.
WE-18-82, LT B e s R -

Bonding of Metal to Wood or Plastics with Bostik Aahesives
Rep. No, WE-18-83.

Adhesive. Rep. No. WE-18-84, -’ EETRrA

C-76 Stringer Splice Fitting Bonded with Wood to Metal

Tests of dAu Pont J-4600-X-5579 Wood to-Metal Adhegive.:
Rep. No, WE-18-85,

Effect of Glue Layer Thickness on Strength of Bonded Wood “
Joint. Rep. No. WE-170-M2. .. - N . —

Effect of Low. Thbmperatures upon the Strength of Plywood -
and Laminates., Rep. No. WE-189-M1.
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70.

‘Warm-Setting Phenolic Resin Glue BCG-17540.

NACA TH No.

989 -

The Effeet of Sanding Birgh and Maplse: Surfaces upon'the

Strength of the Glue Joint. Rep. No. WE-185-51,

h, Kellett Aircraft Corpsy Upper Darb Pa;-:-

Tests of U.S, Rubber Adhesives and Filler Material
No., 1680.2.

1. Lockheed Aircraft Corp., Burbank, Cal.:

Tentative Standard Methods of Teéting Adhesives.
Designation.ADS~1.

j Republic Aviation Corp., Farmingdale, Long Island,

Rep.

N

Y.

Gements for Aircraft Materials.. Rep. No. ERT 452.

4, Adhesives Manufacturersg' Literature

a., American Gyanamid Co., 30 " Rockefeller Plaza, New York,N.Y.:

The Use of Urac 100 with Catalyst 57 Cold Setting Urea-

Formaldehyde Synthetic Resin Gluse.

Urac 101 Cold Setting Urea-Formaldehyde Synthetic Resin CGlue.

Melurac 300,
Melmac Adhesive 400,
The Beetle Gemehts'A and AF,

Laminac Resin P-4122.

b. Bakelite Corporation, 30 East 424 St., New York 17,

N.Y.:

Powdered Phenol Résin Glue BC-168168.
Powdered Phenol Resin Glue BC-16529.

Bakelite Cold Press Wood Bonding.

Cold-Setting Phenolic Resin Glue XC-17613.



-

NACA TN No. 989 - 79

10.°

11,

12.
13,

14,

15,

¢. B.B. Chemical Co., 784 Memorial Drive, Cambridge SQ,Maas.{

Physical Tesgts on Aluminum to Aluminum Bonds.

d. Carbide and Carbon Ghemicals Corporation, 30 East 424 St.,
New York 17, N, Y . :

Vinylite FPolyvinyl Acetate Reslns.
"Tinylseal' Adhesives T 24-9 and MA 28-18,

e, Casein Company of America, 350 Madigon Avenus,
New York 17, N.Y.:

Wood and Glue at War.

The Story of Cascamite, Ameriea's New Plastic Glue.
Glued Prefabricated Eouses.

Casco Gluing Guide.

The Caesco Trouble Shooter for Joint Glning.

The Use nf Glue in Building Construction and Remodeling.
Glue Recommendations'for U.S. Government Specificatlons.
Comparison Chart for Casco Glues.

Wood Glues-for Aircraft Manufacture.

Time and Temperature Factors (for Uge of Casein. Urea— ’

Resin or Phenol-Resin Glue) -

-

Bulletin No. SR-1 Cagcola Water Resigtant Case Sealing '
Glues for Sealing Flaps of  V Boxes..

- Bulletin No. 3, The Gluing of Gompregnatad Wood.

Bulletin No, 4, Coloring Urea—Resin Glue Solubions.

Bulletin No. ON-5a. A Shipping Room Glue of Wide Utility
(Cascotin CN-5)

Bulletin No. 6. Glue Recommendations for "Fluid Pregsure!
or Bag-Gluing Technigues. oo
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31,
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33,

34,
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Bulletin No. 7. The Gluing of Wood with High Prequency
Blectrostatic Heating Equipment.

Bulletin No. 8. Resin Glues and Workers' Health.
Bulletin No. 9. Craze-Proofing of Urea Resin Glues.
Bulletin No. 10. Spraying Synthetic Resin and Caseln Glues.

Bulletin No. 1. A Cold-So%%ing C“ement for Bonding Metal
to Wood and Cther Dissimilar Materials (Casco Flexible
Cement XT-442) ;

Bulletin No, 12. A Durable Flexible Jement of Wide Appli-
cation (Casco Plexible Cement ¥¥W-473) :

Bulletin No. 13. Edge Gluing with Urea Resin Glue in the
Rotary Clamp.

Bulletin No. 14. GCleaning Glue Hguipment,.

Bulletin No. 15, Thinnfiag Intermediate - Temperature -
Setting Phenol Regln Glues,

Bulletin No., 16. FEdge Gluing, Joint Gluing, Laminating
" with Casein Glue,

Bullétin No. 17. Cascanmite 66-Co0ld Press with Flour
Extendoer,

Bulletin No. 18, OCasco-Resin 5 (Liquid)-Cold Press with
Flour Extender.

Bulletin No, 19. The "Magter Mix" Method of Using Urea
Resin Glues. ' '

Bullstin No. 20. A Wew, Room—Temperature;Setting Resin
Glue Producing Durable, Bollproof Wood Joints,.

Directions.for Using Casco Regin for Hot-Press Gluing.
Casco Resin (Liquid) (Use with Catalyst H-19)
Cascamite TS ~ Cascamite TS-75,

Cascamite BG-2 (Use with Catalyst H-21)

Cascamite LA-27.



NACA TH No. 989 P T - N

35.
36.
37.
38.

39.

"40.

41,

42,

- S0 .
. AP,

t

Cascamite 66 (Use with Catalyst H-19).’ ;
Cold Setting Urea-Resin Glue. o -“
Cascophen LT-67 (Liguid Phenol-Formaldehyde.ﬁ;ein—GI;eBE
Caseophen W-110. e
Cascophen P-48

Cascophen BG-17 (Use with Catalyst H-23)
Compregnite. .
Cascophen BG-P15 (Containing Gatalyst). e S

f. Cordo Chemical Corporatlion, 34 Smith St., ﬁorwalk,,Connt:

Cordo-Bond Adhesgives. Catalog No. 1, July 18944.

g. Chrysler Corpora#ion,.Detroit 31, Mich,:

Efficieney of Lap Joints. o | _ o )
Moisture and Humidity Reeistance of the Cycle-Bond Process.
Cvcle-Bond (Preliminarv Report) .-

CB-2 1”].5,'1»,'005. Shear Immersion Tesgts.

Gycle-Weli .0B-4 Process VS 0-3 démeﬁt 1;;.; LT,

High and Low Temperature Shear Tests on Cycle-Welded Alclad
and Dow Metal Sheet. - TR

Adhesion of 55-6 Gement to Various Materials. ffﬁfifif:' T

-

Chrysler Direction Sheets ‘and Process Standards._ T
Cycle Weld Chark.: .-- " ti’ ;}.M:“-“f”’ff?'ﬁ:;f S
Cycle Weld Bonding o Wood to Metai. . i as

h., E. I. Du. Pont- de Nemours and_ Companv, Pariin;?leirg

v

Plastacele Handbook ~ Cellulose Acetate Plgstic Sheets.

Lucite Manual - Methyl Methacrylate Resin.
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3. 4624 Thermosetting Adhesive.”
4, 4644 Thermoplastic Adhesive.
5. 5458 Adhesive. .

6. 4646 Modiflied Thermoplastic Adhesive (Restricted).

7. 4653 Low Temperature Bonding Adhesive (Restricted).

1. Duregz Plastics and Chemicals, Inc.,, No;th Tonawanda, N,Y,:
(Technical Bulletins)

1. Instructions for 192 Durez Resin for Bonding Douglas Fir,
2. Durez 194 Hot Press Resin Adhesive
3. Durez 194 Resin Adhesive for Bag Molding.

4. Duresz ng Temperature Regin Adhesive (12041 with Catalyst
7422 .

5. Durez Low Temperature Alkaline Resin Adhesive (Tentative
Instructions for the Use of 12533 with 12534B)

6. Durez 12688 -~ 12689 Roon Temperature Resin Adhesive
(Tentative Ipstructions) . o o .

Jo.Durite Plagticg, Frankford SBtation P.O., Phliladelphia
=24, Pa.: L . .

1. Special Data No. 1060, Durite 5-2986, Heat-Setting Laminat-
ing Bond, April 22, 1944, .

2, Speclal Data No, 1061, Durite S5-2983, Water Soluble Heat-
Setting Resin, April 22, 1944, :

3., Speclal Data No, 1064, Durite S-1643, Fabric Impregnant
for Molded Shapes, May 1L, 1944.

4., Special Data No. 1070 (Superseding Data No. 1042), Durite
5~-3026 Adhesive for Wood, etc., Setting to Room Temper-,
ature (Superseding Durite S5-2682), July 14, 1944,

B. Speciai'ﬁata'No. 1071, Heat Setting Adhesive for Plyﬁeod,
June 7, 1944,
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6. Special Data No. 1072, Durite S-2987, Boil Proof and Light-
Stable Thermosetting Regin for Treating and Laminating
Favrie, Paper,"eﬁc:,”June 8 1944.u1'f_ _w_’;__ﬁnﬂ

7. Special Data XNo. 1073 Durite S-2988, Boil- Proof Thermo-~
setting Hesid "for> Treating and Laminating Fabric, Paper,
etec., June 8, 194475 vi.

8. Special Data No6. 2076 {{Superseding Data Nos. 1068 and 1055)
Durite S-3024 Heat-Setting Cement for Bonding Metals,
Vitreous Substances; Thermoplestics, Polyvinyl Chloride,
Butadiens Acrylonitrile RubbBers, etc., June 29, ‘1944,

9. Data No. 4 Adhesives of §-23979 Series}ﬁ?une_?S,ft?ﬁgffs

1. Cementing Technics.

S

e e Vo R

Miracle Adheeiveg p,, 261 Fabxan Place.'Newark 8 F?J.:

1. General Directions for Miracle Adhesives - Types E - M -~ MT.
(Specification M~200)

2, Directions for Installing Safety Treads (Specification M-202)

o

v

, &
3. Recommended Spraying Equipment for Miracle Adhesive,
Type P. Directions for Spraying Miracle Adhesive, TypenP.
* (Specification M-203)

-

Poa,
4. Diresctions for Applying Miracle Adhesive, Type P, with a
Brush (Specification 203-A)

5. Directions for Installing Asbestos Padbric, Asbestos Listing,
etc. (Specification M-20%4)

6. Directions for InstalIihg’&éﬂ#as'C&pecification M—ZQSY

7. Directions for Installing Cork and Heavy Density Fibreglass
Insulation (Specification'MJEOG)

8. Directions for Installing Light Density Fibreglass and Batt
Type Insulation (Specification M-207)

9. Directions for Installing Linotile (Specification M-208)

10. Directions for Installing Linoleum (Specification M-209)
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17.
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Directions for Installing Wall Fixtures (Specification
M-210)

A Leveling Plastie for Use under R-Mir-Dek Tile, Linoleumn,
Linotile, etc. (Specification M-212)

Directions for Installing Cork, Insulation Board, Asbestos
Board. and Herd Board (Specification M-220)

Directions for Installing Glass Blocks (Specification M-~ 221)

Directions for Installing Acoustical Board, Insulation
Board, etc., to Ceilings (Specification M-222)

Directions for Instelling Rubber with Miracle Adhesive,
Type R (Specification M-250)

Directlons for Inetalling Light Fabrics, Aabestos, Paper,
ete., with Miracle Adhesive, Type R (Specification M-251)

m. Penngvlvagia Coal Products qungnx,.Petrolia, Pa.:

Instruction Sheet, Penamcblite G-1124.

Instruction Sheet, Penacqlite_G-llSl.

, d

n, Eerkins.Glue.Gompanv, Lansdals, Pa.:

Perkins‘Resin élues.'Handbook,~Fcurth'Edition.
Directions for Using Perkins Aircraft Casein Venesr Glue.

Porkins Urea~-Formaldehyde and Melamine~Urea Resin Glues.
General Instructions,.

a. 0o0ld Pressing Technlque
b. Hot Plate Pressing Technique

Perkins L-100 with Boil- Proofing Catalvst (for Vacuum Bag_
Autoclave Application) - LA

L

Perkins D~111l with Boil—Proofing Catalvst (for Vacuum Bag—
Autoclave Application) j .

P |

Perkins, Melamine-Urea Resin M 411 (Instructions for Vacuum
Bag-Autoclave Applicationd’ -

-‘fl:- .1

-t
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7. Perkins Liquid Urea-Formaldehyde Resin -L-lOO
"CGold Pressing e
b Hot Plate Pressing P S

8. Perkins L-100 with Addition of Boil-Proéofing Catalyst.
(Hot Plate Pressing)

9, Perkins Powdered Urea-Formaldehyde Resin D-111.
a. Cold Pressing
b. Hot Plate Pressing

10. Pérkins Powdered Melamine-Urea Resin M-411l. -
a. Cold Pressing, but Kiln Cure .
b. Hot Plate Pressing

11, Perkins DC-246, Instructions for Mixing and Application.

o, Plagkon Division, Libby - Owensg - Ford Glass Co.,
2112-24 Sylvan Avenue, Tolsdo 6, Ohio:

1. Plaskon Series 900 Laminating Resins,
2. Plaskon Cold Setting Resin Glue, Type 201,

3. Plaskon Cold Setting Résin Glue, Instruction Manual for
Ready-Mixed, Type 250-2. '

4. Plaskon Hot Setting ‘Resin lué, Type 107. . oo

5. Plagkon Resin Glde, Instruc%fon Manual for Type 700-2 Toes
Hot Setting Adhesive.fl:z_ . ST
. Plastics Industries Tachnical Institute,
186 South Alvarado -St., Los Angeles 4, Calif.:

1., Instructions for Use of Co0ld Set Resin X -Adhésive.

q. Resinous Products and Chemical Co., Washington Square,

Philadelphia 5, Pa, _ _ ) .

1. Resin Adhesives for Tlvwood Tego, Amberlite, and Uformite’
{7th ed. ), Oct. 1942, _ _— -

2. Bulletin No, 2. Uformite CB-551 Oold anding_Stuaies.
April 1943, e

3. Bulletin No. 3, Amberlite PR-14 EHot Pressing Studies,
May 1943.
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Bulletin No. 4. Flexible 'Bag Molding.of Curved Plywood,
May 1943, - )

Bulletin No. 5. Government Specifications for Plywood
and Adhesives. Sept. 1943.

Bulletin No. 6., Edge Gluing and Taping of Plywood Veneer.
Feb. 1944. T .

Amberlite PR-75-B with Catalyst P-79.
The Uformites, Cold Bonding Resin Adhesives. .

Uformite CB-551 and Uformite CB-552, Gold'Sétting Resin
Adhesives.

Catalyvet Q-107 with Uformite 430 and Uformite 500,
Redux, for Bonding Metal to Metal. , .
Redux, for Bonding Metal to Metal and Metal to Wood.
Tego Tape, for Repairing Plywood Venesrs.

Material 1142,

Bdge Gluing of Lumber Cores with Uformite 500 ahd'Catalyst
Q~-87. . . . . . .

r. Swift and-Coe.; 4115 Padkers -Ave., Chicago 9, ILll.:

Waterproof Adhesives Manufactured by Swift and Company
Bspeclally for Manufacturing, Sealing, and Labeling
"Containers for the Army, Navy, and Lend Lease,

g. United States Stoneware Co.: o

Reanite Cements.

5. United States Government Rsports

a, National Advisory Committee for Aeronautics,:

von Hippel, Arthur R., and Dietz, A. G, H,: Curing of
Resin~Wood Combinations by High-Frequency Heatlng.
NACA TN No. 874, 1942..
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2. Turner, P. S.: The Problem. of. Thermal-Expansion. Striesses.’
in Reinforced Plastics: NACA ARR June 1942

3. Rinker, R, €., Reinhart, ¥. W., and Kline, G M.. Effect
of pH on Strength of Resln Bonds. NACA ARR No. 3J11, .":

1943,

4, Turner, Philip S§., Doran, Jewel, and Reinhart, Frank W.:
Fairing Gompositions for Alreraft Surfaces. NACA TN
No. 958, 1944, :

5. Axilrod, B, M., and Jirauch, D, H.: 3Bonding Strengths: of.
Adhesives at Normal and Low Temperatures. NACA TN No.

964, 1945,
U F I‘ v : 3
Foregt Products Laboratory: . L -

r

1. Brouse, D.: Effect of Extending Hot Press, Urea-Resin
Glue with Rye Flour on Strength and Durability of the .
Glue Joints. Rep. N¥o. Z 1294, Apr. 1942. o -

2. Comparison of Cold-Setting, Urea-Resin Glues with Gasein
Glues for Joints in Airoraft Assemblies. Rep. No, 1331,
Oet. 1941, . ' SN _, ST L

3. Kaufert, ¥. H.: Increasing the Durability -of Cadéin"Glue
Joints with Preservatives. Rep No. 1332 Oct 1943

4, Gabriel, A. EB,, and Cohodas, Leath.. Analysis for'Tiller
Content of Urea-Formaldehyds -Glues. Rep. No. 1333,
Sept. 1944, - o
- . - ’ : - g Y

L8 . . - - T
- - - s - M A I O

. Synthetic Resin Glues. Rep. Fou: 1336 Deb. 1941,° -

H . C e

¥ "y P

Glues for Use in Aircraft. Rep No 1337 _pct, 1941.

3 . LY ,-:* RtF- N

&

6

7. Testing and Mixing Airecraft Glues Rep. No - 1338% Nov. 1941.
8. Contropol of Gonditions in Glﬁing Hep Nc 1340 Oct ‘1941

g

. Eickner, H W.. The Gluing Characteristics of 15 Sbeciea N
of Wood with Gold—Settlng, Urea-Resin Glues. Rep No,

[

1342; April 1942. 'T :;3‘1.\ s 4_**_ PR

LR "5' B

10, Browne, F L., Laughnan. Don, Heebink, Bruce G., and i
Flaischér,'H O0,: Summery of &- Study ef’ Temperatures'"ﬁ+i
Attalned in ‘a.Dummy -Aireraft Wing durfiig the Sulihér at
Madison, Wisconsin, Rep. Nos. 1343-A and B., Jan, 1943,
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11.

12.

13,

14,

l6.

17.

18,

19,

20,

21,

22.

23,

24,
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Kgufert, F'”H and Richards, C. Audrey: Procedures for
Measuring the 'Mold Resistance~6f Proteln Glues. Rep.
No. 1344, Sept. 1943.

Blomquict, R, F.¢ Effect of! High end 'Low Temperatures on i
Resin Glue Joints in Birch Plywood. Rep. No. 1345,

Jan. 1944

Eickner, Herbert W.: Gluing of Thin Compreg. Rép. No.
1346, March 1943. :

~Hegebink, Bruce G.: Sthmmary of Methods of. Bag—Molding

Plywood. Rep. No. 1347, April 1943,

Eickner, Herbert V. The Gluing of Laminated Paper Plastio

(Papreg). Rep. No. 1348, Jan. 1944. ..o7

Fleischer, Herbert 0.: Substitutes for Rubber Bag Mate-
rials in Making Molded Plywood. ZRep. No. 1349, May 1943,

Heebink, Bruce G., and Fleischer, Herbert.0.: Tests to
Determine the Slipping Properties of Bag-Molding Glues
in the Fluid Stage. - Rep. No. 1350, May 1943.

Kaufert, F. H, Preliminary Experiments to. Improve the .
Gluing Gharacteristics of Refractory Plywood Surfaces
by!Sanding. RQp.No 1351, June 1943,

-

Blomquist, R F.: Determination of Degree of Cure of Low-
‘Temperature Phentlic~Resin Glues by Solubility Methods,
-Rep. No. 1352, Sept. 1948.

Sanborn, W. A.: The Influence of Moisture Changéa in Wood
on the Shearing.Strength of Glued-Joint Assemblies.
Rep. No., 1524, Jan. 1945.

Wangaard, F. F.: Sunmary of Information on the Durability
of Alrcraft Glues. =Rep. No. 1530, May 1944.

Bruce, H. D., Olson, W. 2., Black, J. M., and Rauch, A. H.:
Gluing with LowTTemperature Setting Phenol, Resorcinol,
and Melaminé 'Glues!* Reép. No, 1531, Dec.'1944

The Use of Wood for Aircraft in the United Kingdom Rep. .
of the Forest Products Mission Rep. No. 1540, Jun91944.

Paul, Benson H.ﬂ and Limbach, John PJ: Estimating the v
Specific Gravity of Plywood. Rep. No. 1589, June 1944.

*
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25. Browne, F. L., Downs, L. E., Laughnan, D, P,, and Schwebs,
A, C.: Study of Temperature- ‘and Moisture Content in
Wood Aircraft Wings in~Different Climates. Rep. No,
1597, Feb. 1944.

3

c., Army Air Forces. Headquarters, Air Téchnieal Service
Command:. .
Lommand

1. Wyrostek, BE. I Specification for Cement 1A, Rep. No.
Eng. 56-M4723, Add. 1, July 1944.

2. Specification No. 141223.

3. Specification No. 26544.

4. Specification No., 26571.° ' B S
5. Specification Nq. 26593.

6. Specification WNo. AN-C-54,

7. Specificq@&qq No. AN-G-8.

8. Wood Aircraft Inspection and Fabrication'. ANC Bulletin
No. 19, Dec. 1943. _ i SPn

d. Navy Department, Bureau of Aeronautics, Naval Air Mate-

rrial Center, Philadelphia Naval Air Experimental

Stations o , ) "

1, Dowling, Arthur P.: Investigation of Assembly Glues for
Wood Aircraft. Rep. No. AMS(M)-684, April 1943, )

2. Dowling, A. P.: Physical Characteristics of Phenolic Resin
. Assembly.Glues (Room Setting and Heat Setting) Compared
‘" with Urea-Resin and Casein Glues. Rep. No, KRAM 2583,
Part IV, April 1944,

3. Dawliﬁgjﬁﬁf“?' +* The Significance of pH in Glusd Wood
Joints Rep. No. NAM 2583, Part V, June 1944,

4. Dowling, A P..‘ The Significance of Thick Glue Lines in

Glued Wood’ Joints Rep. No. NAM 2583, Part VI, Aug. 1944,

5. Sgndburg, J.,R,t Tensile and Tearing Tests for Evaluating
: Wood Assembly Glue. Rep, No. NAM 2586,. Part II, June
1944,
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Dowling, A P.; Evaluation of the Fresh and Salt Water
Registance of Oycle-Welded and Cycle~ Bonded Joints.
Rep. No. NAM 25143, Part II, Jan. 1944,

voxy s

Dowling, A. P.: The Effect of Heat and Water on Cycle
Bonded Alclad-Wood Joints at Various Film-Thicknesses
of , Cycle~Weld Cement. Rep. ¥eo.NAM, 25143, Part III,
May 1944. ’ ' e

Dowling, A. P.: The Metlbond Series of Cements. Rep.
No. NAM 25143, Part IV, Aug. 1944. C

Dowling, A. P.: The Cycle-Weld Method of Securing Metal
to Metal and Metal to Wood Joints in Alircraft Assemblies.
Rep. No. NAM 25143, Part II, March 1944.

6. British Government Reports

a, Royal Alrcraft Bgtablighment:

Pryor, M, G..M,: Adhesion of Glues to Plywood. Rep. No.
Mat-N-1102-6, Sept. 1941, - )

Adhegives.for Metals - Programme of Test for Sheet -Rep.
‘No. Ma{-N-2001-23-WDD-122, Oct. 12, 1943. ' '

Pryor, M. G, M.: Adhesion of Glues to Plywood Rep. No.

. - Mat- N 1-2001, Sept. 1941. C e » :

Redux Adhesives for Light Alloya Rep. No:'kék—N-l—l4,086a,

Oet, 1942, .. . .

Pryor, M., G, M., and Gordon, C. M.: Second Report on the
Adheslon of Glues to Plywood. Rgp. Yo., Mat—N—z—ZOOl
Jan. 1944

.o T P
Test Report on Redux Adheslves. 1@gp. No. Mat-NZ2007-3-
NJF0-122, March 1944. s .

Bedwell L. M. E..' Investigation into the Setting Process
of Phenol~ Formaidehyde Resins. Rep. No. Mat-N-2-3008,
May 1944, T Sl ,

Aging of Urea-Forméldéh&dé‘Adﬁesive'to DTD-484. Rep. No.
Mat~N-4-2051, April 1944. o
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b. Ministry of Aircraft Produétion Scientific and

Technigal Memoranda; C e et e _ e

1. Investigation into Glues and Gluing, “Rep. No. 31y STH
No..5-43. STt L - —a

2. High Temperature Wet Tests on Gold- Setting Synthetic Regin
Adhesives — Investigatlion into Glues and Gluing. Rep.
No. 32, STM No. 9-43, SO . )

3. Campbell, W. G., and Packman, D, F.: Chemical Factors
Involved in the Gluing of Wood with. Cold-Setting Urea-
Formaldehyde Glues (24 rep.) The Effects Induced
by Cold-Setfing, U-F Glues on the Physical FProperties
of Wood in Wood-Glue Composites., STM No. 11-43.

4, Little, G. E., and Pepper, K, W.:' Synthetic Resin Glues -
I, STM_NO; 19-43, Oct. 1943.

5. Hearmon, R. F. S.: .The High Frequency Electrical Proper- .
ties of Woond and Wood-Resin Gombinations. STM No.
C4-44, March 1944. ’

6. Insolation Effects in Alrcraft Wingé'aﬁd the Psychrometric
Durability of Glues. STM No. 8-44.. . . - .

7. Campbell, W. G., and Bryant, S. A.: Chemical Factors
Involved in the Gluing of Wood with Cold-Set}{ing Urea-
Formeldehyde Resins (34 rep.) A Consideration of
the Causes of the Decline in Failing Load of Gap Joints
during Prolonged .Storage under Gon&rolled Conditions.-
STM No. 9-44, Jan. 1944. .

8. Fatigue Tests on Joints Made in DID-390 Uaing Reiux R
Cemént. STM No. c¢9-44., T

9. The Effect of Temperatures on the Strength Froperties of .-
Wood, 'Plywood, and Glued Joints. STM Wo. l2-44.

10. de Bruyne, N. A., Kemball,'C;ififéch,'Gl: Haﬂﬁbéil;?W;rG:."

and Cocoper, B.: Fundamentals of Adhesion. Oct. 1943,

-

1. The Identification of Plywood Glues. .. . .- .. .- .o ==

2. Temperature and Moilsture Gohtéht Gdnéition§ in Wooden Ajir-
craft and Their Influence on the Duradility of Glue
Joints., Research Program for the Summer of 1943.

1

c. Forest Products Hesearch Labdféggfg, Pfiﬁceq~ﬁi{bof6ugﬁ:

[ IR
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16.

17,

18,
19.

20.
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The Bonding of Tego .Film Glue in Plywood.

Chemical Factors Involved in the Gluing of Wood with
0cld~Setting Urea~Formeldehyde Resinsg.

The Influence of Surface Finish and Grain Direction on
the Strength of Glued Jolnts of Sitka Spruce. Rep,
No. 2. _

Development of a Wet Test for Plywood Made with Urea-
Formaldehvde Glue. "Rep. No. 5.

. Beech as a-Timber for Glue Test Samples. Rep. No. 6.

The Moisture Resistance of Glues 1n Plywood._ Rep. No. 8.

Taped Joints-in Plywoed: Rep. No. 11.

"Tegts on Catacocl Cold-Setting P.F; Resin, Rep. ¥o. 12.

Develépment of Standard Glue Tests Using the Two-Ply
Sample. ZRep. No. 13.

Pormaldehyde Treatment of Casein Joints. Rep. No. 14,

Further Experiments on Formaldehyde Treatment of Casein
Joints. ZRep. No. 15.

The Moisture ﬁesistance of Paints for Casein Joilnts.
- Rep. No, 17. o ;

First Report on the U, F, Resin Adhesive Beetle. Rep.
No. 19.

Comparative Tests on'fhfee Rolls .of Tego Glue Film, Rep.‘
No. 20.

Pactors in the Gluing of Improved "Wood. QRep. ¥o. 22.

Pactors in Gluing of Improved Wood and Plastics., ZRep.
No., 25.

Revisipn .of Casein Glue Specification B.S. 3V2. Rep.
" No. 286,

Proposed Specifications for Cold-Setting Synthetic Resgin
Glues. Rep, No. 28, Sept. 1942,
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21.

22.

230

24.

25,

26.

27.

The Separate Application Method in the Use of Beestle A,
Rep. No. 29.

The Separate Application Method in the Use of Beetls A,
Rep. No. 29-B. :

Tests on Synthetic Resin Adhesives for Plywood.
Rep. No. 31.

High Tenperature Wet Tests on Cold-~Setting Synthetic
Resin Adhesives. Rep. ¥o. 32.

Weathering Qualities of Plywood Glues. Rep. No. 36,
March 1944,

Influence of Time on the -Strength of Glued Joints.
Summary No. 2.

The Two Ply Glue Test Sample. Summary No, 3.
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Figure 1.~ The potential field outside & (100) plane of KOl
on a charged particle (curve 1) and on argon
(curve 2). (From Lennard-Jones and Dent).

Potential x 1013 (ergs).

Curve l.- Electrastatic force between the crystal and
charged particle.

Qurves 2a and @b. Van der Waals forces between the crystal
and an argon atom.

Curve 3.- Force due to polarization of the crystal by the
charged particle.

The forces are calculated for a particle at a distance "z"

from the erystal surface in which the ions are separated by

the distance "a'.

300 400 500
P, AVERAGE DEGREE OF POLYMERIZATION

Figure 3.- Effect of
average

degree of polymeriza-

tion on tenacity of

o5 00 @Na lh}:%il)?olymers. From
Figure 3.- Schematic repre-
gsentation in two A.- Fibrous ares
dimensions of the structure of B.- Plestic area

soda-silica glass. (From Warren). C.- Rubbery aree
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NACA TN No. 989 Fig. 9
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" NACA TN No. 988 Figs. 10,13,13,14
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Figure 14.- Shear strengths of
tapered and untapered

lap joint specimens. (From de Bruyne)
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Figure 13.- Concentration of stress due to & differential
strain in a lap joint specimen. (From de Bruyne).




NACA TN No. 989 Fig. 11

Figure ll.- Johnson double shear specimen and tool.



